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WILLIAM KENNETH HAMBLIN _ Dept. Geology, The University of Kansas, Lawrence, Kans. 


Paleogeographic Evolution of the 


17 
2008 


Lake Superior Region from Late Keweenawan 3, 


to Late Cambrian Time 


Abstract: A combined study of regional stratigra- 
phy, petrology, and paleocurrents was made of the 
Freda sandstone, Jacobsville sandstone, Bayfield 
group, Dresbach formation, and Franconia forma- 
tion. Data pertaining to the location and nature 
of the source of the sediments were obtained prima- 
ily from petrology and directional sedimentary 
structures. Environmental reconstructions were 
based on patterns of lithologic variations, kinds of 
sedimentary structures, and heavy minerals. 

This information indicates that the Northern 
Michigan highland extended through northern 
Wisconsin and northern Michigan and acted as a 
source of sediment from Late Keweenawan through 
Dresbachian time. The Freda formation accumu- 
lated in the Keweenawan basin, which was north 
of the Northern Michigan highland approximately 
in the present site of Lake Superior but extended 
considerably farther to the southwest. Deposition 
took place in a flood-plain and lacustrine environ- 
ment. Prior to the deposition of the Jacobsville- 
Bayfield sediments, the Keweenawan sequence was 
deformed and eroded, but the Northern Michigan 


highland persisted as a positive area, and the shape 
and extent of the basin remained much the same. A 
lacustrine environment predominated in the central 
part of the basin, but much of the Jacobsville sand- 
stone and Bayfield group undoubtedly represents 
fan deposits which merged northward into sedi- 
ments of an alluvial plain. During Dresbachian time 
the Northern Michigan highland remained as a 
positive area, but shallow seas invaded the Lake 
Superior region from the northwest and central 
Wisconsin from the south. Most of the Dresbach 
sediments accumulated in a beach environment, 
but in southern Wisconsin an offshore neritic 
environment predominated. Prior to Franconian 
time there was a widespread regression of the seas, 
and most of the region was subjected to subaerial 
erosion. By Franconian time the Northern Michi- 
gan highland was reduced to a surface of low relief, 
and the seas re-advanced across the entire area from 
the southwest. An appreciable amount of the Fran- 
conia sediments accumulated in an offshore environ- 
ment. 
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INTRODUCTION 


One of the most significant changes in the 
paleogeography of the Lake Superior region 
occurred near the beginning of the Paleozoic, 
when the Keweenawan basin ceased to be the 
site of accumulation of lava and coarse clastic 
sediments and the entire region became inun- 
dated by shallow Paleozoic seas. This change is 
recorded in the sandstones deposited during 
this critical interval of geologic time. They are, 
in ascending order, the Freda sandstone (Upper 
Keweenawan), the Jacobsville sandstone and 
Bayfield group (Cambrian or Precambrian?), 
the Dresbach formation (lower St. Croixan), 
and the Franconia formation (middle St. 
Croixan). Preliminary work by the writer on 
the Jacobsville and Munising formations 
(Hamblin, 1958) indicated that although 
many of the stratigraphic problems of the 
‘“‘Lake Superior sandstones” could not easily 
be solved, a regional study of stratigraphy, 
petrology, and paleocurrents of these rocks 
would shed much light on the paleogeographic 
evolution of the region. Thus in 1958 the work 
was extended to include the Freda sandstone 
of Michigan and the Franconia sandstone, 


Dresbach sandstone, and Bayfield group of ' 


Wisconsin and Minnesota. 

This study was supported by a research grant 
from the University of Kansas general research 
fund. The writer gratefully acknowledges the 
assistance extended by members of the Michi- 
gan Geological Survey in supplying a boat and 
access to unpublished data and expresses his 
appreciation to Mr. Harry Sorensen and Mr. 
Charles Bondurant for assistance in the field. 
Dr. Louis I. Briggs and Dr. Ralph H. King 
kindly read the manuscript and suggested vari- 
ous improvements. 

METHODS: The writer examined essentially 
every outcrop of sandstone on the southern 
coast of Lake Superior and selected exposures 
inland in Michigan, Wisconsin, and Minnesota 
during this study. Cross-stratification directions 
were measured at each locality, and samples 
were collected for petrographic and heavy- 
mineral analysis. Except in the Dresbach for- 
mation, all cross-stratification measurements 
were made on a plan view of the structure, and 
at least three measurements were made on two 
stratigraphic horizons at each outcrop. Petro- 


graphic and heavy-mineral studies were made. 


on selected samples in order to supplement 
published data. Isopach maps were constructed 
for the Dresbach and Franconia formations 
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- are still a matter of conjecture. Outcrops of the 


‘ ceous silty shale. The texture in the lowest 


from surface and subsurface data collected by 
the writer and from sections published by Ber 
et al. (1956). 


FREDA FORMATION 


STRATIGRAPHY AND PETROLOGY: The Fred 
sandstone constitutes what is generally con- 
sidered to be the youngest formation of the 
Keweenawan sequence. It is exposed along the 
western coast of the Keweenaw Peninsula and 
can be traced southward into Wisconsin (Fig 
1) almost to the 46th parallel. Sandstones 
identical to the Freda in gross lithology, heavy 
minerals, and sedimentary structures are ex- 
posed intermittently along the east coast of 
Lake Superior from Gros Cap to Alona Bay, 
These rocks apparently occupy the same strati- 
graphic position as the Freda and are therefore 
considered to be its equivalent. This correl- 
tion is substantiated by paleomagnetic measute- 
ments made by P. M. Du Bois (Personal com- 
munication), who found that the paleomagnet- 
ism of the Freda equivalent of Canada is very 
similar to that of the Freda of Michigan and 
Wisconsin but dissimilar to that of the Jacobs- 
ville sandstone and Bayfield group. 

The Freda formation lies conformably upon , 
older Keweenawan sediments, but the upper 
contact is not exposed, so its stratigraphic re | 
lationships with the overlying Bayfield group | 


Freda are too scattered to permit accurate 
measurements of its maximum thickness; how- 
ever, semicontinuous exposures along the 
Montreal River on the Michigan-Wisconsin 
boundary and along the coast south of the Por 
cupine Mountains indicate that the Fred 
could be more than 14,000 feet thick. In both 
areas detailed examination of the section re 
veals a gradual change in grain size, type a 
bedding, and sedimentary structures from bot 
tom to top, indicating that there is probably 
no important repetition due to faulting. 

The Freda consists principally of alternating 
layers of fine arkosic sandstone and red mice 


1500 feet of the section is generally coarser, and 
a conglomerate 15 to 150 feet thick is found 
many places several hundred feet above the 
base of the formation. Pebbles from the com 
glomerate average 3 inches in diameter, but 
several boulders exceed | foot in their longest 
dimension. Most are composed of basalt and 
quartzite, although an appreciable number 
were derived from the Huronian Iron forme 
tion. The upper part of the Freda is character 
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Ficure 1.—Grotocic Map oF THE Recion SHowING AREAL DISTRIBUTION OF 
ForMATIONS STUDIED 


ized by a monotonous sequence of alternating 
beds of siltstone and shale 3 to 4 feet thick. 

Shale-pebble conglomerates are common at 
many horizons throughout the Freda forma- 
tion but are especially abundant in the lower 
part of the section. The individual pebbles 
range from pellets a fraction of an inch in di- 
ameter to blocks at least 10 feet long. Most of 
the shale pebbles are irregular and show little 
effect of transportation and abrasion, but the 
smaller pebbles are characteristically well 
rounded and discoidal. All larger blocks are 
tabular, the length and width being as much 
as 15 tirnes the thickness. 

Generally the shale-pebble conglomerate 
forms thin beds or lenses from a fraction of an 
inch to several feet thick, but many isolated 
“floating pebbles’ are scattered throughout 
the section. The lithology of the pebbles is 
identical to that of the siltstone and shale units 
of the Freda formation, and in many areas a 


lens of shale-pebble conglomerate can be traced 
laterally to the truncated edge of the shale bed 
from which it was derived. This is especially 
true of the larger blocks, which were obviously 
transported only a few feet. 

Although quantitatively negligible, the shale 
pebbles and blocks are significant in that they 
represent numerous intraformational breaks in 
the stratigraphic record. Generally the indi- 
vidual deposits can be traced laterally only 
several hundred feet, but their occurrence at 
hundreds of places in the section testifies to the 
vast number of pauses in sedimentation, ac- 
companied by local erosion. 

The heavy-mineral assemblage of the Freda 
formation is distinct in that ilmenite, leucoxene, 
and epidote are the only abundant species. In 
most samples ilmenite (in part altered to 
leucoxene) constitutes over 70 per cent of the 
total heavy minerals. Tyler et a/. (1940) report 
up to 11 per cent epidote from the Freda at 
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Taste 1.—Heavy MINERALS IN THE FREDA ForMATioN, JACOBSVILLE-BAYFIELD SANDSTONES, AND DRreEspacy 
AND FRANCONIA FORMATIONS 


Per cent by number of grains 


EVOLUTION, LAKE SUPERIOR REGION 


< < = = @ 

Freda formation 

Gros Cap X oe xX 71 4 2 X 2 

Montreal River 20 62 18 Fe 

Shore cliffs 9 miles north of 
Little Girl Pr. x 6 84 8 X X 
Shore cliffs 2 miles south of 
Gratiot River 10 64 23 2 xX 2 
Potato River Falls* ll 87 x 2 
Montreal River Park* Sek 2 35 i “e 49 4 X x 4 
Tyler Falls* 1 15 78 Xx 2 
Jacobsville-Bayfield sandstones 
Ile Parisienne a 1 x 41 26 21 5 2 3 
Au Sable Fallst 28 9 37 10 X a 12 
Grand Islandt 2 9 54 23 3 4 5 
Marquettet 3 33 62 2 X . a 
Sand Point 3 4 5 5 37 8 20 21 
Stockton Island 9 1 3 3 5 36 22 zit 5 
Bear Island 1 7. 3 64 9 ll 
Cornucopia* 1 xX 50 15 12 
Dresbach formation 
Tahquamenon Falls os 3 3 4 32 19 2 8 °@ 
Chapel Falls 25 7 9 18 
Miner’s Castlet 6 12 28 2 F 12 3 
Au Train River 3 4 29 3 4 5l 
Laughing Whitefish Lake xX 18 18 2 50 
Dresbach** x 38 3 5 
Stoddard** = 3 oe, 3 35 48 
Woodhill** 3 3 18 3 35 5 
Franconia formation 

Tahquamenon Falls X 42 6 14 11 7 
Chapel Fallst 48 xX i 10 39 X 
Miner’s Castlet : 55 2 14 18 4 4 
Laughing Whitefish Fallst: te 41 1 4 22 25 2 | 
Core near Kiva xX 42 3 2 te 21 il 

Core 9 miles east of Waucedah 96 Xx x 2 
La Crosstt 91 1 8 
Tunnel City*t 82 12 ) 
Black Earthtt 92 6 2 
Mazomaniett 92 6 2 


* After Tyler et al. (1940) 
t After Driscoll (1959) 
** After Wilgus (1933) 
tt After Pentland (1931) 
X Less than | per cent 


Potato River Falls, Wisconsin, and an average 
of 35 per cent epidote from samples collected 


at Montreal River Park. Minor amounts of ~ 


apatite, garnet, rutile, tourmaline, and zircon 
are also present (Table 1). Heavy minerals . 
range from 1.4 to 21.2 per cent by weight of 


the total sample and average 7.4 per cent 
(Tyler et al., 1940). 

The heavy-mineral assemblage of the Freda 
strongly suggests that the main source rocks 
were the Keweenawan flows and the Huronian 
Iron formation. The large average percentage 
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FREDA FORMATION 


of heavy minerals in each sample further indi- 
cates that the sediments were subjected to in- 
complete weathering and transported for short 
distances. 

A great variety of ripple marks is found at 
jumerous horizons throughout the Freda 
formation, especially in the upper part of the 4 
section, where siltstone predominates. Current 
ripple marks are most abundant, although they 
vary a great deal in form and detail. The wave 
length ranges from less than 0.25 inch to more 
than 6 inches, and the crests commonly bi- 
furcate and die out, forming an anastomosing 
pattern. A less common variety of current 
ripple marks consists of irregular rows of 
crescent-shaped ridges and depressions which 
produce a cusplike pattern in plan view. In 
many places the cusp ripple grades laterally 
into parallel ridges characteristic of normal cur- 
rent ripples. Interference ripple marks result- 
ing from a complex current system and sym- 
metrical ripples are less abundant. 

Mud cracks, rill marks, and rain imprints are 
found at many horizons but are not nearly so 
common as ripple marks. All the sedimentary * 
structures in the Freda clearly indicate deposi- 
tion in shallow water and repeated exposure to 
subaerial conditions. 

CROSS-STRATIFICATION: Cross-stratification in 
the Freda sandstone is predominantly the 
trough type (McKee and Weir, 1953, p. 385), 
but two distinct varieties are distinguished on 
the basis of size and mode of origin. The most 
abundant and characteristic variety is ex- 
tremely small scale and in this paper is referred 
to as micro-cross-lamination. The second vari- 
ety is somewhat larger scale, but few of the dip- 
ping strata exceed | foot in length. The shape 
of the micro-cross-laminae does not differ sig- 
nificantly from the typical festoon described 
by Knight (1929), in which the individual 
cross-stratum has the shape of a quadrant of an 
elongate ellipsoid. Each stratum, however, av- 
erages only 0.5 inch in depth, 2 inches in 
width, and 1.5 inches in length. Most sets of 
cross-strata are less than 1 foot long and are 
truncated in a down-current direction by 
erosion which preceded deposition of a younger 
set. Throughout most of the upper part of the 
Freda, cosets of micro-cross-laminae averaging 
3 feet in thickness are interbedded with hori- 
zontally laminated siltstone and reflect a cyclic 
pattern in Freda sedimentation. 

Although the origin of micro-cross-lamina- 
tion in the Freda formation is not completely 
clear, field evidence strongly suggests that the 


structure was formed from ripple marks. In 
many places along the coast of Lake Superior 
where wave action has formed large wave-cut 
terraces, the plan view of literally thousands of 
sets of micro-cross-laminae is well exposed on a 
single horizon. Throughout such exposures the 
sets of cross-strata are strikingly parallel and 
remarkably uniform in size. This suggests that 
the micro-cross-lamination was not formed in 
small channels but originated on wide flats 
where current energy was weak but relatively 
constant. In numerous places, cuspate ripple 
marks exhibiting micro-cross-stratification in 
vertical sections are found on the upper surface 
of a coset of micro-cross-laminae. The form of 
the cusp ripple mark is identical to that of a 
micro-cross-lamina. It seems likely therefore 
that micro-cross-lamination results from depo- 
sition on the lee side of a cusp ripple in much | 
the same way that cross-stratification develops * 
in a barchan. 

The writer has observed recent cuspate 
ripple marks and micro-cross-stratification in a 
number of sand bars and flood-plain deposits 
of mature to old-age streams. These structures 
apparently are formed in fine-grained sedi- 
ments by slow, sheetlike moving bodies of 
water. Such conditions could exist not only on 
flood-plain and wide-stream channels but also 
on tidal flats. 

Throughout the Freda formation there 
seems to be a direct relationship between av- 
erage grain size and scale of cross-stratification. 
Micro-cross-lamination is restricted almost en- 
tirely to the fine-grained parts of the formation 
and is most abundant in the upper part. Small- 
scale cross-bedding (McKee and Weir, 1953) 
dominates in the lower part of the section, 
where the average grain is between one-eighth 
of a millimeter and 1 mm in diameter. The sets 
of small-scale cross-bedding are on the order of 
1.5 feet wide, 6 inches deep, and 3 feet long. In 
several places the small-scale cross-bedding lies 
within a channel structure and seemingly 
originated by current action within a stream. 

The azimuth of both the micro-cross-lamina- 
tion and small-scale cross-bedding in the Freda 
formation was measured wherever exposures 
were accessible. All measurements were made 
from a plan view of the structure and indicate 
the plunge direction of the trough, which is 
considered to be the true direction of sediment 
transport. Where micro-cross-lamination was 
exposed over a large area, only one measure- 
ment was made at each stratigraphic horizon, 
inasmuch as all sets on each horizon are parallel 
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and represent only one current direction. 
Throughout the entire outcrop area the direc- 
tion of sediment transport as indicated by 
micro-cross-lamination is essentially the same 
as that indicated by small-scale cross-bedding. 

Figure 2 shows the results of a statistical 
analysis of cross-stratification in the Freda 
formation. In almost every exposure the mean 


JACOBSVILLE SANDSTONE 
AND BAYFIELD GROUP 


STRATIGRAPHY AND PETROLOGY: A sequence 
of red sandstones and shales more than 200) 
feet thick separates the Freda formation from 
the overlying Croixan series. In Michigar thee 
rocks are known as the Jacobsville sandstone, 


EXPLANATION 

‘ Average cross - bedding direction 
) 

{ tin, Outcrop belt of Fredo Sandstone 


Distribution of cross - bedding 
directions. Numerals represent 
number of readings 


Ficure Dr1rEcTIONS IN THE FREDA SANDSTONE 


direction of current flow was northwestward. 
Notable exceptions, however, are found in the 
northernmost exposures on the Keweenaw 
Peninsula near the mouth of Gratiot River 
where the direction of sediment transport was 
southward. In Michigan and Wisconsin the 
standard deviation in the paleocurrent direc- 
tion is relatively small, and a dominant north- 
west trend persists throughout the entire section. 

Considerable variation in the azimuth of 
cross-stratification was observed in the few ex- 


posures of the Freda in Canada, even in a very , 


small stratigraphic interval. Although a north- 
west trend predominates, more reversals were 
observed than would normally be expected to 
result from a meandering-stream pattern. It is 
reasonable to assume therefore that Freda 


sediments in Canada were derived from a high- / 


land to the north, east, and south and that the 
eastern margin of the basin of deposition was 
only a few miles east of Sault Ste. Marie. 


and they extend along the southern coast of 
Lake Superior from the tip of the Keweenaw 
Peninsula to Sault Ste. Marie (Hamblin, 1958), 
In Wisconsin and Minnesota they are referred 


‘to as the “‘red clastics” or Bayfield group 


(Thwaites, 1912) and are exposed predom 
inately in the Bayfield Peninsula and Apostle 
Islands, although they are recognized in the 
sub-surface as far south as southern Minnesota 
(Fig. 1). Although it cannot be demonstrated 
conclusively that the Jacobsville formation and 
the Bayfield group are exactly contemporane- 
ous, they occupy essentially the same strati- 
graphic position and are remarkably similar in 
gross lithology, heavy minerals, sedimentary 
structures, and paleomagnetism. It is therefore 
quite probable that if the Jacobsville is not 
equivalent to the entire Bayfield group, it is 
at least equivalent to part of it. This correla: 
tion dates back at least to Irving (1883, p. 366) 
and has subsequently been followed by 
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Thwaites (1912, p. 102-105) and Tyler ez al. 
(1940, p. 1481). . 
Sedimentary rocks similar to the Jacobsville 
have also been reported from the Owen Sound 
area on Georgian Bay, Lake Huron, by B. A. 


Liberty (Personal communication). Inasmuch 
as these rocks are isolated and so far removed 
from the easternmost extent of the Jacobsville 
at Sault Ste. Marie, correlation is difficult at 
best. 

The relacionship between the Jacobsville 
formation-Bayfield group and the Freda forma- 
tion has been a matter of conjecture for many 
years. Thwaites (1912) maintained that the 
Bayfield group grades downward into the 
Upper Keweenawan sediments, although the 
actual contact was never observed. In Michi- 
gan, east of the Keweenaw fault, the entire 
Upper Keweenawan is absent, and the Jacobs- 
ville rests directly upon Middle Keweenawan 
basalts and older rocks with a marked angular 
discordance. Suggestions of an angular uncon- 
formity between the Freda and Jacobsville 
formations are also found in several outcrops in 
Whitefish Bay (Hamblin, 1958). In the writer’s 
opinion, available evidence indicates a signifi- 
cant break in sedimentation between the 
Upper Keweenawan sequence and the Jacobs- 
ville formation and suggests that the Jacobs- 
ville-Bayfield sediments were deposited after 
Keweenawan but before St. Croixan time. 

The petrology of the Jacobsville sandstone 
and Bayfield group differs considerably from 
that of the Freda formation. Whereas the Freda 
consists of arkoses, feldspathic sandstones, and 
micaceous shales, the Jacobsville and Bayfield 
rocks are characteristically quartzose. The 
average grain ranges between 0.25 and 0.5 mm 
in diameter, and except for minor conglomer- 
ate lenses, most of the samples studied are well 
sorted and skewed toward the finer grains. Four 
distinct facies are recognized in the Jacobsville 
formation. Lenses of conglomerate occur near 
the basal contact and interfinger with the 
lenticular sandstone facies which constitutes 
the major part of the formation. In a number 
of outcrops, however, massive sandstones or red 
siltstones predominate and presumably inter- 
finger with or overlie the lenticular sandstone 
facies. In detail the lenticular sandstone facies 
of the Jacobsville is identical with the Orienta 
sandstone of the Bayfield group, whereas the 
massive sandstone facies closely resembles the 
Chequamegon sandstone. 

The total weight per cent of the heavy min- 
erals in the Jacobsville sandstone and Bayfield 


group averages only 0.18 per cent. From 50 to 
80 per cent of the heavy minerals are opaque, 
although garnet, tourmaline, and zircon are 
present in appreciable amounts in most places 
(Table 1). The high quartz content, good sort- 
ing, and simple heavy-mineral suite indicate 
that the Jacobsville-Bayfield sediments were 
subjected to considerably more transportation 
and winnowing action than Freda sediments 
and represent, at least in part, a second-cycle 
sandstone. 

Current and oscillation ripple marks, mud 
cracks, and shale-pebble conglomerate are gen- 
erally not prominent in the Jacobsville and 
Bayfield rocks but are abundant in units rela- 
tively free from cross-bedding. The lithology [oe 
of the shale pebbles is identical to that of the : 
shale within the Jacobsville formation and 
clearly indicates repeated interruptions in 
sedimentation and penecontemporaneous ero- 
sion. Sandstone pebbles are also found im- 
bedded in the basal part of the Jacobsville for- 
mation, especially along the coast from L’Anse 
to Marquette (Fig. 1). The lithology of the 
pebbles, however, is quite unlike the typical 
Jacobsville but very similar to the Freda. It 
thus seems reasonable to conclude that the & 
Jacobsville was derived in part from the Freda. 

Channel structures are abundant throughout 
much of the Jacobsville and Bayfield sand- 
stones and clearly indicate a fluvial environ- 
ment. It is evident, however, from the hori- 
zontal bedding and oscillation ripple marks in 
the massive-sandstone facies and in the Chequa- 
megon sandstone that appreciable sedimenta- 
tion also occurred in a standing body of water. 

CROSS-STRATIFICATION: Medium- to large- 
scale trough cross-bedding is the most abund- 
ant sedimentary structure in the Jacobsville- 
Bayfield rocks. Each set of cross-strata forms a 
wide, shallow, concave-upward channel which 
is U-shaped in plan view and wedge- or lens- 
shaped in longitudinal section. These structures 
range from 3 to 6 feet in width, | to 2 feet in 
depth, and 5 to 10 feet in length, but troughs 
more than 50 feet wide were observed in the 
Apostle Islands. Small-scale cross-bedding is 
not abundant, and micro-cross-lamination is 
absent. In many exposures it is evident that 
the trough cross-bedding was formed in stream 
channels, as it is commonly preserved within 
channel structures. 

Figure 3 shows the results of cross-bedding 
measurements in the Jacobsville-Bayfield rocks. 
The arrows indicate the mean current direction 
at each locality, and rose diagrams represent 
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the percentage of current azimuths measured 
in each 20-degree interval. 

It is apparent from Figure 3 that the regional 
drainage in the Lake Superior area during 
Jacobsville-Bayfield time was northward _to- 
ward the Canadian Shield. Minor variations in 
the direction of sediment transport are evident 
from east to west, however, and are significant 
in that they most likely reflect the configura- 
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Upper Mississippi valley, but eastward around 
the Wisconsin arch it is generally covered with 
glacial drift, so details of its northern extent 
are vague and incomplete. The writer (1958, 
p. 114) has demonstrated, however, that the 
Chapel Rock member of the Munising forma 
tion is at least equivalent to part of the Dres 
bach, and that the outcrop belt extends 
around the northwestern rim of the Michigan 
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Ficure 3.—Cross-StraTIFICATION DIRECTIONS IN THE JACOBSVILLE SANDSTONE AND BayYFIELD Group 


tion of the sedimentary basin. The direction 
of sediment transport was to the northwest 
near the eastern margins of Lake Superior, due 
north from Grand Marais to Marquette, and 
to the northeast from the tip of the Keweenaw 
Peninsula to Duluth. Thus, except in the vi- 
cinity of the Huron Mountains, the paleo- 
currents converge toward the center of Lake 
Superior. A second significant variation in the 
paleodrainage is the divergence of the direction 
of sediment transport away from the Huron 
Mountains area. The Huron Mountains evi- 
dently existed as a positive area, protruding 
into the basin of sedimentation and shedding 
debris to the northeast and northwest. The out- 
line of the Jacobsville-Bayfield basin, was, in 
all probability, very similar to the present Lake 
Superior basin, although somewhat larger. 


DRESBACH FORMATION 


STRATIGRAPHY AND PETROLOGY: The Dres- 
bach formation is well exposed throughout the 


_ pletely over the Wisconsin arch a few miles 


.appcars and thickens to more than 75 feet in 


basin. Unless otherwise indicated, the term 
Dresbach in this report, includes, therefore, 
the Chapel Rock member of the Munising 
formation. Sandstones at the base of the 
Paleozoic section exposed at Limestone Moun- 
tain are identical to the Dresbach in gross 
lithology, heavy minerals, and sedimentary 
structures and probably constitute the north- 
ernmost exposure of the formation. This indi 
cates that the original distribution of the Dres- 
bach was far beyond the present outcrop belt. 

In southern Wisconsin the Dresbach forma- 
tion is more than 1000 feet thick, but it thins 
progressively northward and pinches out com- 


north of Iron Mountain, Michigan (Figs. 4, 5). 
N-«eth of the Wisconsin arch the Dresbach re- 


the vicinity of Grand Island, Michigan. 

Both surface and subsurface data indicate 
that the Dresbach formation is separated from 
the older rocks by a widespread unconformity. 
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Exposures in the Grand Island area show that 
the Jacobsville was tilted and eroded prior to 
the first advancement of the Croixan seas. 
These exposures indicate that the Jacobsville is 
not part of the Croixan series as was thought by 
many previous workers. Elsewhere, at Taylors 
Falls, Minnesota, and in the Baraboo area of 
Wisconsin, where the pre-Croixan uncon- 
formity is exposed, the erosional surface is de- 


S.W. 


NOT TO SCALE 


v 
members of the Dresbach in Minnesota and 


Wisconsin (Fig. 4). 

The heavy-mineral suite of the Dresbach 
formation is characterized by a dominance of 
zircon. Tourmaline, leucoxene, and ilmenite 
are common, and garnet is generally rare, al- 
though it occurs in appreciable amounts in the 
Eau Clair member (Tyler, 1936). Table 1 
shows the relative percentage of the heavy- 
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Figure 4.—Dr1aGRAMMATIC SECTION OF Upper CAMBRIAN Deposits IN THE LAKE SuPERIOR REGION SHOWING 
Factes VARIATIONS AND NoMENCLATURE OF Rock UNITS 


(Wisconsin data in part from Berg e¢ al., 1956.) 


veloped upon Keweenawan basalts and older 
rocks. 

Berg et al. (1956) recognize three distinct 
lithic units within the Dresbach formation in 
Minnesota and Wisconsin: (1) medium- to 
coarse-grained quartzose sandstone (Mt. Simon 
and Galesville members); (2) shaly siltstone 
and very fine-grained quartzose sandstone (Eau 
Clair member); and (3) a red-shale phase of 
the Eau Clair member identified in wells as 
Waconia and Mankota. Although these units 
cannot be traced with certainty into northern 
Michigan, the lower part of the Munising for- 
mation consists of a coarse orthoquartzitic 
conglomerate 10 to 15 feet thick overlain by a 
well-sorted medium-grained quartzose sand- 
stone identical in gross lithology to the Mt. 
Simon and Gaiesville members. On the basis 
of lithologic similarity and stratigraphic posi- 
tion, therefore, this quartzose sandstone, the 
Chapel Rock member of the Munising forma- 
tion, is considered to represent a shore facies 
equivalent to the Mt. Simon and Galesville 


mineral species from selected samples of the 
Dresbach formation in Michigan, Minnesota, 
and Wisconsin. 

The heavy-mineral suite of the Dresbach is 
thus significantly different from the other for- 
mations studied in this report and probably 
reflects differences in both environment and 
source area. 

Ripple marks and mud cracks are present in 
the Dresbach formation but are generally re- 
stricted to sections relatively free from cross- 
bedding. These structures are most abundant 
at Tahquamenon Falls and in the Eau Clair 
member in Wisconsin and Minnesota. Both 
oscillation and current ripple marks are present 
and generally have a wave length between 2 
and 4 inches. The ripple crests generally strike 
east-west or essentially perpendicular to the 
direction of sediment transport as indicated by 
cross-bedding. 

CROSS-STRATIFICATION: A distinctive large- 


v scale trough cross-bedding characterizes the © 


Dresbach formation and is the major type of 
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stratification in most exposures. In plan view 
the trough is commonly more than 50 feet 
wide; several troughs more than 600 feet wide 
were observed along the coast approximately 
10 miles east of Munising. Most outcrops are 
too small to expose these structures in three 
dimensions, but along the Pictured Rocks cliffs 


cut deep channels in the older units prior to 
the deposition of each succeeding set of cros 
strata. This indicates that the structures wer 
formed in an environment of strong currents 
capable of considerable sublevation or else in 
water sufficiently shallow to permit repeated 
subaerial eresion. It appears from the tre 
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in Michigan and in the Dells of Wisconsin, ex- 


their exact form and size. In most outcrops, 
however, only a very small part of the trough 
is exposed. 

In many respects the large-scale cross-bed- 
ding of the Diesbach formation is similar to 
the large-scale eolian cross-bedding of the 
Navajo sandstone of the Colorado Plateau, but 
stringers of large pebbles more than 3 inches in 
diameter are incorporated in many places 
within the Dresbach and testify to its aqueous 
origin. The lower bounding surface of each set 
of cross-strata shows that considerable erosion 


Ficure 5.—Isopach Map anp Cross-StraTiFICATION Directions oF THE DrespacH FORMATION 


mendous size and troughlike shape of these 


posures are adequate to give a true picture of , structures that they were formed in embay- 


ments along a cuspate shore. The trough of the 
cross-bedding would thus plunge seaward and 
indicate the direction of regional slope. 

In Minnesota and Wisconsin the scale of the 
cross-bedding decreases significantly south- 
ward, and the average trough is only between 
3 and 5 feet wide in the southernmost ex- 
posures, 

’ Figure 5 shows the mean dip direction of the 
large-scale cross-bedding at each locality where 
sufficient numbers of measurements could be 
obtained to give a reliable average. Most out- 
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crops are too small to expose the entire trough 
in three dimensions, so the plunge direction 
could not be determined accurately at every 
exposure. Dip directions of the limbs of the 
trough were therefore measured as close to the 
axes as possible so that when averaged to- 
gether they would indicate the plunge direc- 
tion and regional slope. In a few localities such 
as Pictured Rocks in Michigan, the Dells of 
Wisconsin, and in several quarries, plan views 
of the structures are well exposed, and many 
true bearings of the plunge of the trough were 
easily obtained. The effect of measuring the 
dip direction of the limbs is indicated in the 
relatively large distribution of cross-bedding 
azimuths shown in the rose diagram of measure- 
ments made in Minnesota and Wisconsin. The 
grand average for all dip directions is probably 
reasonably accurate, but the writer believes 
that if only the plunge directions were meas- 
ured, the rose diagram would show a much 
greater central tendency and would be similar 
to what is indicated in Michigan where es- 
sentially every measurement is the direction 
of plunge. 

The average dip of the cross-bedding in the 
Dresbach formation is to the south in Minne- 
sota and Wisconsin and to the north in northern 


Michigan. In each area the dip tends, to a re- \ 


markable degree, to be perpendicular to the 
isopach lines and points in the direction of 
greatest thickness. This clearly indicates that a 
highland extended in an east-west direction 
through northern Michigan and into Wisconsin 
and that sediments were shed off both to the 
north and south. 

The location of the source area established 
by the measurements given is further sub- 
stantiated by an increase in the average thick- 
ness of the cross-bedding units from south to 
north in Minnesota and Wisconsin. According 
to Schwarzacher (1953), cross-bedding units 
thicken toward the source of the sediment. 


FRANCONIA FORMATION 


STRATIGRAPHY AND PETROLOGY: The Fran- 
conia formation consists of a highly variable 
sequence of sandstones that range from 75 to 
200 feet thick within the area covered by this 
study. Berg (1954) recognizes five distinct 
lithic units within the Franconia in Wisconsin 
and Minnesota which are distinguished pri- 
marily on the basis of glauconite content, and 
toa lesser extent on such features as grain size, 
bedding, and the presence of carbonate or 
shale. They are, in ascending order, the Wood- 
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hill member—cross-bedded, medium- to coarse- 
grained sandstone; the Birkmore member— 
glauconitic, fine-grained sandstone; the Tomah 
member—very fine-grained sandstone and in- 
terbedded shale; the Reno member—glaucon- 
itic, fine-grained sandstone; and the Mazo- 
manie member—thin-bedded or cross-bedded 
sandstone that forms a nonglauconitic facies 
interfingering with the Reno member. The 
glauconitic facies of the Reno and Birkmore 
members is thickest in the southwest, but it 
interfingers with and passes laterally into the 
nonglauconitic Mazomanie member to the 
northeast and is completely absent near the 
northernmost limit of the formation in Wiscon- 
sin. In northern Michigan, fossils indicate that 
the upper part of the Miner’s Castle member 
of the Munising formation is equivalent to the 
middle Franconia of Minnesota and Wisconsin 
(Hamblin, 1958). The Miner’s Castle member 
of the Munising formation, however, consists 
only of the nonglauconitic facies and is highly 
variable in grain size and degree of sorting. In 
gross lithology and general characteristics it is 
identical to the Mazomanie member (Fig. 4). 

On the basis of variations it: sorting, mean 
grain diameter, and heavy minerals in samples 
collected in Alger County, Michigan, Driscoll 
(1959) questions this correlation and proposes 
that the Miner’s Castle member of the Munis- 
ing formation is transitional between the trans- 
gressive Franconia sandstone and the regressive 
Jordan sandstone. If Driscoll’s interpretation is 
correct, parameters of the Prosaukia subzone 
should be very similar to those of the lower 
Miner’s Castle member in Alger County. The 
writer found however that the mean grain 
diameter, sorting, and heavy-mineral assem- 
blage in the Prosaukia subzone in northern 
Michigan are almost identical to those in the 
upper part of the Miner’s Castle member and 
are significantly different from those in the 
lower part (Fig. 6). Inasmuch as the Prosaukia 
subzone is recognized in drill hole cores less 
than 12 miles west of sections studied by Dris- 
coll, and because parameters, gross lithology, 
and sedimentary structures of the Prosaukia 
subzone are strikingly similar to those of the 
upper part of the Miner’s Castle member, it 
seems very unlikely that the upper part of the 
Miner’s Castle member is equivalent to the 
Jordan sandstone of Wisconsin. Although a re- 
gressive phase no doubt was once present in 
northern Michigan, it was probably eroded 
away prior to deposition of the Au Train 
formation. 
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Regional variations in thickness of the Fran- 
conia formation are substantially different from 
those of the Dresbach formation (compare 
Figs. 5 and 7). The Franconia thickens to the 
northeast in Minnesota and Wisconsin and ob- 
viously once extended far beyond its present 
eroded limits. In northern Michigan it thins 
over the central part of the peninsula but does 
not pinch out completely as does the Dresbach 
formation. 
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are exposed, it is reasonable to assume that they 
exist but are not discernible in many vertical 


exposures. Both oscillation and current ripple 
marks are present, but in many exposures the 
crests have been flattened by erosion, so it is 
impossible to distinguish between the two 
forms in all places. Wherever ripple marks are 
found, their crests strike essentially perpen- 
dicular to the current direction that is indi- 
cated by cross-bedding. 
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CastLE MEMBER OF THE MuNiIsiING ForRMATION 


Solid line represents average of four sections in Alger County, Michigan (Driscoll, 1959), broken line represents 


Prosaukia subzone in Menominee County, Michigan. 


Basins in which the Franconia accumulated 
to greatest thickness are located in west-central 
Wisconsin and probably in the Lake Superior 
and Michigan basins. Significant thinning oc- 
curs in the Baraboo Mountains area and locally 
in northern Michigan where erosional remnants 
of Precambrian rocks produced islands in the 
Franconia sea. 

The heavy-mineral assemblage of the Fran- 
conia formation is characterized by a remark- 
ably high percentage of garnet and is, there- 
fore, readily distinguished fism that of the 
Freda, Jacobsville, or Dresbach formations. 
Throughout the entire extent of the Fran- 
conia, garnet is present in amounts between 
40 and 96 per cent of the total heavy minerals. 
Tourmaline and zircon are the only other 
nonopaque heavy minerals consistently present 
(Table 1). 

Ripple marks and mud cracks are abundant 
in the Franconia formation in some localities, 
but in many vertical exposures they are absent. 


Inasmuch as these structures are readily ap- © 


parent only where large areas of bedding planes 


CROSS-STRATIFICATION: The Franconia for- 
mation is characterized by small-scale trough 
cross-bedding which is remarkably persistent 
in size and shape throughout the entire area. 
This structure constitutes the dominant type 
of stratification in the nonglauconitic facies but 
is much less common where glauconite is 
abundant. The troughs range from 3 to 8 inches 
in depth and are 20 to 40 inches long in a down- 
current direction. 

The environment in which the small-scale 
cross-bedding originated is not completely 
understood, but several features suggest that 
it originated offshore by currents moving down 
the regional slope. The orientation of the cross- 
bedding is remarkably uniform throughout an 
area of more than 8000 square miles (Fig. 7), 
and the direction of current flow is, by and 
large, perpendicular to the major isopach 
trends. In addition glauconite is concentrated 
along the inclined strata in many places, sug- 
gesting that the structures were produced in an 
offshore environment. It therefore seems more 
likely that the cross-bedding orientation was 
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controlled by the regional slope than long- 
shore currents. 

Figure 7 shows the results of a statistical 
analysis of the cross-bedding direction in the 
Franconia formation. Each arrow indicates the 
mean direction computed from an average of 
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directions average 49°, which is somewhat 
larger than that of the older formations con- 
sidered in this report. This is probably due to 
the fact that the Franconia cross-bedding re- 
sulted from marine currents that were not con- 
fined to the coast line or restricted to a drain- 
age system. 
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Ficure 7.—Isopach Map anp Cross-STRATIFICATION DrRECTIONS OF THE FRANCONIA FORMATION 


two rose diagrams illustrate the degree of 
central tendency of current direction in 
northern Michigan and in the upper Mississippi 
Valley. 

From Figure 7 it is readily apparent that the 
current directions during Franconian time 
were consistently toward the southwest and 
were only slightly affected by the Precambrian 
highs such as those in northern Michigan and 
in the Baraboo region. Furthermore the paleo- 
current direction remained remarkably stable 
throughout all Franconian time, as there is no 
significant variation in cross-bedding directions 
from the top to the bottom of the formation. 
The standard deviations of the cross-bedding 
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Excepting a small area in northern Michigan, 
the paleocurrent directions are perpendicular 
to the isopach lines but do not converge to- 
ward the thickest area in western Wisconsin. 
The prominent southwest trend is maintained 
throughout the entire area. 


PALEOGEOGRAPHY 


Late Keweenawan Time 


During Early and Middle Keweenawan 
time more than 30,000 feet of basaltic flows 
and medium- to coarse-grained clastic sedi- 
ments were deposited in the Keweenaw basin 
which was located in approximately the present 
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site of Lake Superior. Bent pipe amygdules 
and other primary structures indicate that the 
lava flowed from the center of the basin out 
toward the margins, whereas cross-bedding and 
imbricate structure in conglomerate beds indi- 
cate that the clastic material came from a high- 
land to the south. This apparent paradox was 
resolved by White (1957), who suggested that 
the floor of the basin was nearly flat and was 
continuously being downwarped by tectonic 
movements. If the extrusion of the lava kept 
pace with subsidence, the lava surface would be 
essentially flat or-would slope gently toward 
the margins so the streams coming from the 
highland to the south could not extend out 
into the basin. When extrusion of lava was 
interrupted for any period of time, continued 
downwarping would then produce a_topo- 
graphic basin into which streams could flow 
and deposit the clastic sediments derived from 


the south. Subsequent lava flows would flow ~ 


toward the lowest points in the basin and would 
spread out toward the margins from there. 
The major elements of paleogeography did 
not change significantly from Middle to Late 
Keweenawan time, except that extrusion of 
lava gradually ceased. Freda sediments were 


derived from a southern source area that ap- > 


parently extended through northern Michigan 
and into Canada (Fig. 8). This positive area, 
named the Northern Michigan highland by 
the writer (Hamblin, 1958), was probably 
formed near the beginning of Keweenawan 


time and persisted as a highland up until middle ‘ 


Late Cambrian time. Remnants of these moun- 
tains are found in the greatly deformed 
Huronian rocks of the Huron Mountains. The 
eastern margin of the basin was located in the 
Batchawana Bay area of Canada, and although 
the dominant direction of sediment transport 
in that area was to the northwest, sediments 
were also derived from the south and northeast. 

The northern boundary of the basin cannot 
be definitely determined from available data, 
but cross-stratification in the northernmost 
exposures of the Freda indicates that the sedi- 
ments in that locality were possibly derived 
from a northern source. Inasmuch as Freda 
rocks are not found on the northern shore of 
Lake Superior, it seems reasonable to assume 
that the northern boundary of the basin was 
probably very near the northern shore of the 
Lake. A considerable southwestern extension 
of the Keweenawan basin is indicated by a 
gravity anomaly that correlates with the mafic 
Keweenawan rocks (Thiel, 1956). This anomaly 
extends without interruption far to the south- 
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west, suggesting a continuation of Keweeng 
wan rocks in that direction. Sedimentary 
structures in the westernmost exposures of the 
Freda show no indication of a change in the 
direction of paleocurrents such as might herald 
proximity to the end of the basin. It is there. 
fore concluded that although the basin in 
which the Freda sediments accumulated may 
not have extended throughout the complete 
length of the gravity anomaly, it most likely 
extended an appreciable distance southwest of 
the present outcrop belt. 

The Keweenawan basin continued to subside 
during all of Late Keweenawan time. Sub- 
sidence was both rapid and pulsating, as is in- 
dicated by the abundance of feldspar through- 
out the formation and the alternating units of 
coarse and fine material. The abundance of 
feldspar, ilmenite, and epidote grains together 
with the low percentage of quartz indicates 
that the Keweenawan basalts and the Huronian 
Iron formation and granite were the dominant 
rock types in the source area. 

The Freda formation is considered to have 
accumulated in a terrestrial environment. 
Micro-cross-lamination which is prominent 
throughout most of the section indicates rela- 
tively weak currents and is presumed to have 
been formed on a flood plain. The uniform 
regional orientation of the micro-cross-laminae 
precludes the possibility of a tidal-fiat environ- 
ment, since in this environment cross-bedding 
forms in two opposing directions resulting from 
currents associated with ebb and flood tides. 

Innumerable interruptions in sedimentation 
are indicated by the abundance of shale pebbles 
and blocks scattered throughout the formation. 
Persistent beds that can be traced laterally 
over several miles were apparently formed in 
standing bodies of water. 


Jacobsville-Bayfield Time 


Prior to Jacobsville sedimentation, the 
Keweenawan sequence was deformed, and a 
period of weathering and erosion produced an 
irregular surface and a zone of weathered debris 
upon the Keweenawan basalts and older 
granites and metamorphic rocks (Hamblin, 
1958). The Northern Michigan highland re- 
mained as a positive area during Jacobsville- 
Bayfield time and supplied sediments to the 
subsiding basin to the north (Fig. 8). The shape 
and extent of the basin apparently did not 
change significantly from Late Keweenawan 
time. Sediments were derived from the south- 
east in the Sault Ste. Marie area and probably 
reflect the eastern limits of the basin. In the 
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environs of Munising the direction of sediment 
transport was essentially due north, but a 
salient of the Northern Michigan highland 
extended northward in the Huron Mountains 
area and shed off debris to the north, northeast, 
and northwest. Throughout the Apostle Islands 
and on up to the tip of the Keweenawan 
Peninsula, the dominant trend of sediment 
transport was to the northeast. This trend is 
not indicated by cross-stratification of Upper 
Keweenawan rocks but could have been pres- . 
ent during Freda time, as it is located west of 
the present Freda exposures. This dominant 
northeast trend could, however, reflect a post- 
Freda uplift in the southwest. Sediments were 
also derived from an area west of Duluth, indi- 
cating that the western margin of the basin 
was not far from the western coast of Lake 
Superior. 

Fluvial sedimentation predominated near 
the margins of the basin, but a lacustrine en-- 
vironment was present in the deepest parts and 
became more prominent during late Jacobs- 
ville-Bayfield time. Although a large part of 
the Jacobsville sandstone and Bayfield group 
accumulated in a fluvial environment, large- 
wale cross-bedding and numerous channels of 
conglomerate indicate that the type of environ- 
ment was considerably different from that in 
which the fine micro-cross-laminated sands of 
the Freda accumulated. Much of the Jacobs- 
ville now exposed undoubtedly represents fan v 
deposits which merged northward into sedi- 
ments of an alluvial plain. 

Subsidence of the basin apparently did not 
keep pace with sedimentation, and the North- 
em Michigan highland progressively became 
buried in its own debris. Numerous interrup- 
tions in sedimentation are attested by the 
abundance of shale pebbles scattered through- 
out the formation. 

The relatively simple heavy-mineral suite 
combined with the quartzose nature of the 
lacobsville sandstone and Bayfield group 
strongly suggests a second-cycle sand. Sand- 
stone pebbles similar in lithology to the Freda 
found embedded in the Jacobsville further 
support this conclusion and suggest that outer 
margins of the Freda were eroded and supplied 
appreciable amounts of material to the Jacobs- 
ville formation. 


Dresbachian Time 


If the Northern Michigan highland was es- 
sentially covered with Jacobsville-Bayfield 
sediments, it was uplifted and partly exhumed 
ptior to Dresbachian time and formed an 


15 


effective barrier to the encroachment of the 
Cambrian seas onto the Canadian Shield from 
the south. The first Paleozoic seas, therefore, 
entered the Lake Superior area from the north- 
west and probably never completely covered 
the Northern Michigan highland (Fig. 8). 

To the north the seas advanced rapidly from 
the northwest over a surface of low relief de- — 
veloped upon the slightly tilted and eroded 
Jacobsville sediments. The orthoquartzitic 
conglomerate and large-scale cross-bedding 
indicate that the Dresbach in northern Michi- 
gan accumulated in a near-shore environment 
north of the Northern Michigan highland. The 
large-scale cross-bedding was probably formed 
along a cuspate shore where wave action was 
strong and capable of considerable erosion. 

In Wisconsin and Minnesota the Dresbach 
seas invaded the area from the south. The seas 
evidently transgressed over a surface of low re- 
lief developed upon Laurentian granites, 
Huronian metamorphic rocks, and Keweena- 
wan basalts. Local highs on the Precambrian 
surface such as Baraboo Mountains and Taylors 
Falls formed islands and peninsulas in the Dres- 
bach sea, but their local relief was only several 
hundred feet, and they exerted little effect on 
regional sedimentation. 

A large part of the Dresbach in northern 
Wisconsin accumulated in a near-shore en- 
vironment, as is indicated by the large-scale 
cross-bedding identical to that found in 
northern Michigan. To the south, however, 
an offshore, neritic environment predominated, 
and more than 1000 feet of sediment accumu- 
lated in the areas of maximum subsidence. 

Most of the Dresbach sediments were de- 
rived directly from the Northern Michigan 
highland which extended through northern 
Michigan and northern Wisconsin and shed off 
debris to the north and south. Jacobsville- 
Bayfield sediments which at one time at least 
partly covered the Northern Michigan high- 
land were subjected to another cycle of erosion 
and acted as a major source for the Dresbach 
sands. 


Franconian Time 


The Northern Michigan highland which was 
the major paleogeographic element from 
Keweenawan to Dresbachian time exerted little 
influence upon the paleogeography during 
Franconian time. A widespread unconformity 
at the top of the Dresbach formation indicates 
a regression of the seas accompanied by sub- 


‘aerial erosion and the removal of part of the 


Dresbach formation. Thus, if the Northern 
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DURINGMWAN, JACOBSVILLE-BAYFIELD, DRESBACHIAN, AND FRANCONIAN TIME 
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Michigan highland was ever completely A large proportion of the Franconia sed: 
covered with Dresbach sediments, it was again ments in southern Wisconsin accumulated ip 
partly exhumed and existed only as a subdued an offshore environment, as is suggested by the 
crystalline landmass in small parts of northern distribution of glauconite. However, ripple 
Wisconsin and northern Michigan. The Fran- marks and mud cracks indicate that the shallow 
conia seas transgressed across the entire area seas were occasionally exposed to desiccation 
from the southwest (Fig. 8). Numerous islands _ on tidal flats. Nonglauconitic small-scale cross. 
existed in the early Franconia seas in the ~ bedded sandstones accumulated nearer the 
Baraboo area and where higher parts of the strand line, but somewhat removed from the 
Northern Michigan Highland existed in beach. The major source area was to the north- 
northern Michigan. These islands exerted only east, and undoubtedly the Franconia seas te- 
local influence on regional sedimentation and — worked a large part of the Dresbach sediments, 
were apparently soon covered by the rapidly 

transgressing sea. 
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Degradational Stream Deposits 
cation 
ce of the Brazos River, Central Texas 
r the 
m the 
— Abstract: According to a geomorphic investiga- and overbank-flood-plain deposits; (2) the average a pe 
tion, the Brazos River in a 250-mile segment of its thickness of the alluvium, about 30 feet, is a : i 
nents. Fi sterior valley (Waco to Knox City, Texas) is a function of stream-stage variation and equal to the 
degradational stream with diverse channel pat- vertical distance between channel bed and flood 
tens and unevenly distributed alluvium, and the _ plain; (3) the terraces and underlying bedrock 
character of the alluvium indicates that valley surfaces have two components of slope: a major 
deepening was also a dominant trait of the stream —cross-valley component related to lateral shifting 
during the Pleistocene. This is indicated chiefly by of the stream and concurrent downcutting and a 
“ae several diagnostic properties of the alluvium which minor down-valley component imposed by the 


em to be directly related to stream degradation stream gradient, and (4) the terraces are normally 
. | acting concurrently with lateral planation and unpaired because lateral planation and bank under- 
1 Trip | accretion. These properties serve as an excellent cutting have precluded the formation of opposing 
basis for interpreting the history of channel mi-  valley-side counterparts. Interpretations based on 
erior: | eration. these diagnostic properties could have wide ap- 
The erodibility of various pre-Tertiary strata, plication, because the properties should be typical 
serva- | into which the Brazos is presently incised, accounts of degradational stream deposits in general. 

for differences in stream gradient, channel form, Several lines of evidence besides that of the 
and sedimentary load and largely determines the alluvium indicate that the ‘‘Seymour beds’ and 
type of stream pattern developed. Typical pat- younger alluvium immediately west of Seymour, 
tens of braiding and flood-plain meandering are Texas, are lateral accretions of two streams—the 
_ | confined respectively to soft bedrock in the distal northerly shifting Brazos and a westerly shifting 
sedi | upper and lower parts of the valley; incised former tributary of the Brazos. From the slope of 
meanders are developed in resistant strata of the  stream-planed bedrock surfaces beneath the al- 
Jour. | lengthy intervening segment. luvium, successive channel positions of the two 
Alluvium which expands to form prominent _ streams are reconstructed and show the pattern of 
Geol, | tetraces in the more erodible valley segments (two _ shifting of the tributary, which eventually led to 
terraces in the upstream segment and three in the _ its diversion into the Wichita River system. The 
downstream segment) indicates extensive lateral limited distribution of lenses of Pearlette ash in 
planation of the stream during downcutting of soft the Seymour indicates the approximate position of 
bedrock. Four diagnostic properties of the alluvium both streams at the time of a far-reaching ash fall 
rveys F point to such a history: (1) the deposits decrease during the middle Pleistocene (late Kansan or early 
upward in component size from gravel to terminal Yarmouthian). According to these ndicated posi- 
v. 6, f sit or clay and represent the successive accumula- _ tions, the bulk of the alluvium was deposited before 
tion during channel migration of bed load, bank, _ the ash fall. 
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Figure 
1. Index map of Texas showing segment of valley 
investigated and areas mapped in detail. . 20 
2. Regional map of the middle Brazos River show- 
ing relationships of stream patterns to rocks 
3. Map of area west of Seymour, Texas, showing 
the Seymour and Lewis Creek terraces . . 24 
4. Map of valley in the vicinity of Waco, Texas, 
showing the lower, middle, and upper ter- 
5. Schematic sections of the valley upstream from 
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Seymour (top) and downstream from Waco 
6. Schematic diagram showing modes of origin of 
7. Chart of fossil mollusks from the Pleistocene 
deposits of Kansas showing species also oc- 
curring in Seymour deposits 
8. Contour map of bedrock surface beneath Sey- 
mour deposits. . . 
9. Paleodrainage map showing successive positions 
of laterally shifting streams 


INTRODUCTION 


This paper presents information on the de- 
posits of a degradational stream and empha- 
sizes certain consistent features of the deposits 
which help to interpret stream migration. Inas- 
much as these features seem to be inherently 
related to the basic process of valley downcut- 
ting and thus may be typical of degradational 
stream deposits in general, the observations 
presented here may have useful application 
elsewhere. 

The Brazos River rises on the High Plains of 
the central United States and flows across 
Texas more than 1000 miles to the Gulf of 
Mexico. Only the interior, central segment of 
the stream (Fig. 1) has been investigated; 
henceforth, this segment is referred to as the 
middle Brazos River.’ Extending across an up- 
land of Paleozoic and Cretaceous strata, this 
part of the stream occupies a narrow, hilly 
valley only partially developed in thin allu- 
vium and contains a variety of resistant-to- 
nonresistant bedrock in its channel. Chiefly be- 
cause of the diverse erosional properties of these 
channel rocks, and alluvium derived from 
them, patterns of meandering, braiding, and 
incised meandering are developed along differ- 
ent segments of the stream. Because of these 
characteristics, the valley of the middle Brazos 
is referred to as a bedrock valley. 

Downstream from the investigated valley, a 
typical alluvial valley is developed in the Gulf 
Coastal Plain. This alluvial valley contrasts in 
several ways with the bedrock valley: it is wide 
and has gentle topography; its floor and walls 
are predominantly alluvium; meandering is the 
prevalent if not exclusive stream pattern. This 
genetic type of valley has been extensively in- 
vestigated along other streams, notably the 
Mississippi (Fisk, 1944; 1952), and the char- 
acteristics of their alluvial deposits are conse- 
quently well known. The deposits of bedrock 
valleys have been relatively neglected; this 


paper attempts to contribute toward a better 
understanding of such deposits. 

Three aspects of the bedrock valley and its 
deposits are treated here. First, the general 
character of the stream is described, and its 
various stream patterns are considered with re- 
spect to the erodibility of bedrock in different 
segments of the valley. Considered next are 


LIMIVS OF 
INVESTIGATION 


Ficure 1.—InpEx Map or Texas SHow1nc SEGMENT 
oF VALLEY INVESTIGATED AND AREAS Mappep IN 
DeraiL 


features of the alluvium, with an emphasis on 
morphology of slopes and scarps and stratt 
graphic properties which seem to be com 
sistently repeated. Last, the origin of the al 
luvium is considered, and patterns of stream 
shifting are reconstructed in an area of ex 
tensive lateral migration; although this im 
terpretation of shifting is facilitated by beds of 
volcanic ash, the same principles of recom 
struction should apply to the deposits of other 
degradational streams. 

The dominant features of the deposits seem 
to be inherently related to valley downcutting 
and to the concurrent stream processes of lat- 


1 This includes the lower part of Salt Fork. 
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eral planation and accretion. These stream 
rocesses have been postulated previously by 
Mackin (1948), Happ (i Fisk, 1952), and 
Hack (1955) to explain the alluvium of other 
streams. 


METHODS OF INVESTIGATION 
AND ACKNOWLEDGMENTS 


This paper is based primarily on field work 
done during two stages. The first stage, a re- 
connaissance investigation to learn the general 
distribution of alluvium, consisted chiefly of 
establishing alluvial profiles through the use of 
a aneroid barometer; this was accomplished 
by calibrating the barometer to Coast and 
Geodetic bench marks and then plotting ele- 
vations frequently read along roads as points 
on a cross-sectional graph. After running each 
profile, the barometer was read again at a 
known elevation: if the error was slight (less 
than 15 feet), the previous readings were ad- 
iusted; if the error was large, the readings were 
discarded and the profile was rerun. More than 
1000 miles of profile established by this method 
provides broad knowledge of the valley and its 
deposits. The second stage of field work was 
concerned with more detailed investigation of 
wo segments of the valley containing ex- 
tensive alluvium. In these areas, 250 miles 
apart, terraces and scarps were mapped, allu- 
vial components noted, and deposit thicknesses 
obtained from outcrop margins and water-well 
records. Maps of these areas provide much of 
the background of the paper. 

Assistance from numerous sources has been 
of immeasurable value in conducting the in- 
vestigation and preparing the paper and is 
gratefully acknowledged. In 1951 and 1952, 
while early field work was being done to meet 
dissertation requirements at Louisiana State 
University, critical encouragement and advice 
were given by Richard J. Russell, and expenses 
at this time were met through a student fellow- 
hip financed by Humble Oil and Refining 
Company. During subsequent refinement of 
the early work, several people with Shell De- 
velopment Company generously assisted: Frank 
E. Lozo kindly volunteered helpful encourage- 
ment and counsel; Rufus J. LeBlanc critically 
viewed manuscripts; C. I. Smith freely gave 
tis time to assist with field problems; Rickie 
McDonald applied her exceptional talent to 
the preparation of illustrations. Several authori- 
ties on the Pleistocene of the Great Plains also 
telped with specific problems, and their kindly 
‘sistance is gratefully acknowledged: A. Byron 


Leonard identified fossil mollusks; Ada Swine- 
ford examined samples of volcanic ash; Claude 
W. Hibbard contributed information on verte- 
brates recently discovered in the area of in- 
vestigation. To all these people—and to others 
who helped in conversations but have not been 
listed because of limited space—the author is 


deeply indebted. 


CHARACTER OF THE STREAM 
Discharge 


The discharge of the interior Brazos River, 
under the influence of seasonal rainfall of 15- 
30 inches per year, is highly variable; it has 
been known to cease during drought and in- 
crease to torrential proportions after heavy 
rains. According to observations made over 
periods of 25-50 years by the U. S. Geological 
Survey (1950, p. 91, 95, 97) the maximum dis- 
charges recorded for three gaging stations 
(Seymour, Glen Rose, and Waco, respectively) 
are 95,400, 97,600, and 246,000 sec. feet, with 
corresponding stage measurements of 15.16, 
23.68, and 40.9 feet. Minimum discharges for 
the same stations are zero. Thus, the middle 
Brazos River compares with large streams of 


the United States only during times of flood. 


Composition of Channel Bed and Banks 


With the exception of point bars the channel 
walls of the middle Brazos are composed pri- 
marily of bedrock, and numerous exposures of 
bedrock also occur in the channel bed. In most 
places, however, where the bed can be ob- 
served at low-water stage, it is developed in a 
veneer of alluvium? of variable but limited 
thickness. This alluvium, or channel fill as it 
can be appropriately called, probably repre- 
sents temporarily deposited bed load which is 
subject to retransportation during floods. These 
channel characteristics point to active incision 
of the valley floor; therefore, the middle 
Brazos is classed in geomorphic terms as a 
degradational stream. 


Relation of Stream Habit to Channel Rocks 


Differential erosion of a valley floor com- 
posed of bedrock varying in hardness appar- 
ently accounts for much of the physical di- 
versity displayed by both the valley and 


2 Thicknesses of this alluvium, as revealed by numer- 
ous borings drilled by the Texas Highway Department 
to test the channel foundation for bridge sites, are 
usually less than 5 feet, but as much as 15 feet is present 
beneath the bridge of U. S. Highway 81 at Waco 
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stream. This applies particularly to valley 
width and the type of stream patterns de- 
veloped. Where the valley is carved in hard 
rocks, it is characteristically narrow, and the 
stream weaves its way between the enclosing 
walls of incised meanders; where valley rocks 
are soft, lateral corrasion of the stream has not 
been greatly opposed, and it either braids or 
meanders through widened valley segments. 
BRAIDING: The stream has a prevailing tend- 
ency to braid upstream from Graham where it 
flows across Pennsylvanian and Permian strata 
composed primarily of red beds (Fig. 2). In 
this segment of the valley, the channel is 
typically wide and shallow, primarily because 
of the caving tendency of bedrock and alluvial 
banks, both of which contain large proportions 
of sand, and the channel attains its steepest 


gradient—about 314 feet per mile. There is a | 


modified development of channel bends which 
may represent a flood-phase tendency of the 
stream to scour cut banks and meander. But 
when the river is at low stage, as is normally 
the case, shallow flows spread over the channel 
in anastomosing braids, constantly changing 
their routes to accord with the topography of 
shifting bar sediments. During drought, chan- 
nel waters may be ponded, or the channel may 
be dry. These characteristics, which are typical 
of braided streams in general, seem to be de- 
termined to a large extent by a high degree of 
bedrock erodibility and a consequent over- 
loading of the stream. 

INCISED MEANDERING: Another degree of 
bedrock erodibility is evidenced in an adjacent 
segment of the valley between Graham and 
Waco by an impressive development of in- 
cised meanders (Fig. 2). The change in stream 
pattern from braiding to incised meandering 
and a corresponding decrease in channel 
gradient from 31% to 2 feet per mile take place 
where the stream flows across a boundary of 
hard limestone at Graham. For 150 miles 
downstream, the river winds through a narrow, 
rugged valley along a tortuous path of mean- 
ders incised in resistant Pennsylvanian and 
Cretaceous strata. Before considering the de- 
tails of these meanders, it is essential to review 
the rather complex terminology that applies to 
meanders developed in hard rock. 

From the controversy started with a paper 
by Davis (1893) on the origin of rock-walled 
meanders, five terms have evolved with ref- 
erence to this type of meander: incised, en- 
trenched and intrenched (the only difference 
being in spelling), inclosed, and ingrown. As 


Thornbury (1954) points cut, it seems to be 
common practice to use incised and inclosed 
meanders as synonomous terms to include any 
meanders with rock walls. These are, there- 
fore, general terms. But the other terms refe; 
to particular types of incised (or inclosed) 
meanders and carry important genetic implica. 
tions. The essential physical difference denoted 
by these terms is that the entrenched or in- 
trenched meander displays a symmetrical cros 
profile, whereas, that of the ingrown meander 
is asymmetrical and characteristically shows a 
slip-off slope opposed by a steeper cut bank. 
Because of this fundamiental difference, Rich 
(1914) and others have concluded that en- 
trenched meanders remain fixed during valley 
incision and that ingrown meanders shift or 
grow, as the term appropriately denotes, during 
deepening of the valley. Thus, the matter of 
terminology involves the basic question of 
whether or not lateral planation has accom 
panied channel downcutting. 

Following the distinctions outlined above, 
the incised meanders of the Brazos may be 
further classed as ingrown meanders. This is 
based not only on the asymmetry of cross 
channel profiles, which show well-developed 
slip-off slopes and steep cut banks, but also on 
the local presence of neck cutoffs and narrow 
spurs of bedrock separating the alluvial sur 
faces of adjacent meander sweeps (Fig. 2, insert 
map). All these features present evidence that 
lateral planation has been combined with chan- 
nel downcutting. Thus the author does not 
agree with Matthes (1941, p. 635) who de 
scribes the Brazos near Mineral Wells, Texas, 
as a ‘‘misfit” stream flowing along entrenched 
meanders created by an earlier, larger stream. 

MEANDERING: The stream pattern which dis 
tinguishes the remaining lower segment of the 
investigated valley is that of typical flood plain 
meanders (Fig. 2) of the type described by 
Fenneman (1906), Davis (1913), and Melton 
(1936) and more recently elaborated in detail 
by Russell (1940), Fisk (1944), and Friedkin 
(1945). This type of pattern prevails farther 
downstream along the Brazos, throughout its 
alluvial valley in the Gulf Coastal Plain. Thus, 
the meanders discussed here are in the distal 
upstream part of an extensive meander belt. 

In passing from its incised meander belt at 
Waco, the Brazos enters a valley that has been 
readily widened in Taylor marl, decreases in 
channel gradient from 2 to 14% feet per mile, 
and winds along a route of smoothly curved 
meanders developed on an expanded flood 
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plain (Fig. 2, insert map). Although the 
mechanics of their formation may obey the 
same natural laws, these meanders contrast 
strongly with the incised meanders: their relief 
is low and represents the relief of the flood 
plain, not the valley; slopes of point bars are 
much gentler than those of analogous slip-off 


slopes; low natural levees border a wide flood 


origin and perpetuation of flood-plain meanders 
seems to be the firmness of materials which 
constitute the stream bed and banks. The bed 
and banks must be firm enough to allow the 
maintenance of an open channel but sof 
enough to facilitate channel migration. Ap 
parently if this intermediate condition varies 
toward either extreme, the stream tends to 
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Ficure 3.—Map oF Area West oF Seymour, TEXAS, SHOWING THE SEYMOUR AND Lewis CREEK TERRACES 


plain that is occasionally inundated by flood; 
and the cut banks are soft banks that retreat 
readily under the attack of the stream, rather 
than precipitous bluffs that stubbornly yield 
to meander migration. Hence, these meanders, 
unlike incised meanders, are subject to rapid 
change in width and configuration. Their 
capacity for rapid change is impressively 
demonstrated by comparing aerial photographs 
taken several years apart, for these show arcuate 
alluvial scars of intervening migrations, prom- 
inent changes in loop configuration, and cutoff 
channel segments abandoned in the interim. 
All these features are typical of flood-plain 
meanders in general. 

One of the most important factors in the 


braid or to develop incised meanders. At least, 
this is strongly implied by the diversified be- 
havior of the Brazos in various parts of its val 
ley. Evidently, this intermediate condition 
prevails where the stream has developed flood- 
plain meanders, regardless of whether the bed- 
and-bank materials be composed of alluvium 
or bedrock, because channel maintenance and 
migration is assured by uniform cut-bank re 
treat and a compensating growth of opposing 
point bars, much in ihe manner described by 
Fisk (1944) and Friedkin (1945). Actually, 
channel exposures of bedrock are limited to 
only a few places, consequently the stream, at 
least during low-water stage, flows primarily in 
its own alluvium. But during flood, the river 
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robably sweeps up the thin veneer of coarse 
debris that ordinarily forms its bed, carrying it 
along as bed load and eroding the valley floor 
of soft bedrock. 
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ated, but the alluvium is usually dissected be- 
cause the appreciable local relief of the valley 
favors rapid erosion. Since this paper deals 
primarily with alluvium and its features, most 
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GENERAL RELATIONS OF ALLUVIUM 
Valley Setting 


As is to be expected, alluvium in the investi- 
gated valley varies in distribution according to 
the width of the valley. Where the valley has 
been enlarged, presumably by the relatively 
unopposed shifting of meandering and braided 
stream segments, the river’s deposits are fairly 
widespread, but where the stream is imprisoned 
by incised meanders, the opposite is true. Slip- 
off slopes of the incised meanders are alluvi- 


attention is focused on the advantageously pre- 
served alluvium of wide valley segments. Rep- 
resentative parts of these valley segments (Fig. 
1) have been mapped and are shown in Figures 
3 and 4; Figure 4 includes the lower part of the 
incised meander belt. 


Terraces and Their Morphological Components 


In the wide valley segments distinct topo- 
graphic surfaces are developed on the alluvial 
veneers. These surfaces, because they are 
bounded by a declivity which separates them 


_ Which 
he bed 
ow the 
at 
a 
least, q 
ts val- 
dition 
bed- 
ivium | 
e and 
ik re- 
OsiNg 
ae 
ually, 
ed to 
im, at 
‘ily in 
rivet 


26 F. L. STRICKLIN, JRA—DEGRADATIONAL STREAM DEPOSITS, TEXAS 


from lower surfaces of similar nature, are classed 
as alluvial terraces. Without doubt, the ter- 
races are former flood plains that have been 
abandoned by the river during valley excava- 
tion and stranded along valley sides. However, 
the surfaces are not nearly so regular as they 
probably were when formed—and as the 
modern flood plain is now—but display various 
degrees of relief, some of which is attributed to 
dissection and some to the addition of other 
deposits. In general, the higher the terrace, the 
more progressed is its state of modification; 
this is partly a function of age because higher 
terraces are progressively older. 

The terrace attains its topographic eminence 
in the valley through the scarp, a steep slope 
that terminates the riverward edge of the ter- 
race. Scarps in the middle Brazos valley show 
considerable variation; some are developed 
strictly in alluvium and some predominantly 
in the underlying bedrock, but the usual case 
is a combination of both. Although the details 
of scarp evolution may be controversial, most 
authors seem to agree that scarps of alluvial 
terraces are formed by a river undercutting a 
former flood plain. Hence, scarps, in contrast 
to the depositional surfaces which they limit, 
are produced by erosion. Alluvial terraces, 
therefore, are neither purely constructional nor 
destructional land forms, since they are pro- 
duced by both deposition and erosion. 


System of Terrace Designation 


The problem of designating the Brazos ter- 
races seems to involve two alternatives. Either 
the terraces can be assigned proper geographic 
names, in the manner of conventional strati- 
graphic practice, or they can be designated ac- 
cording to their position in the valley. Because 
the deposits of one terrace have been previ- 
ously named, the system of formal nomen- 
clature is adopted for one of the mapped areas; 
the alternative system is adopted for the other 
area. 

Five terraces have been mapped (Figs. 3, 4). 
In the Waco area the terraces are referred to as 
upper, middle, and lower terraces; these desig- 
nations denote the respective position in a 
flight of terraces, and no type localities are in- 
volved. In the Seymour area Cummins (1893, 
p. 181)? named the ‘‘Seymour beds”; in order 
to avoid duplicity of names this term is re- 
tained, and the surface developed on the Sey- 
mour beds is referred to as the Seymour ter- 
race. Following the system of using formal 
names, more or less imposed by precedent, the 
author herein names the remaining terrace of 


this area the Lewis Creek terrace. Lying at a 
position in the valley intermediate between the 
Seymour terrace and the modern flood plain, 
this terrace is ideally developed as a broad plain 
in the vicinity of Lewis Creek, immediately 
northwest of Seymour (Fig. 3). 


DOMINANT FEATURES OF 
THE DEPOSITS 


Morphology of Slopes and Scarps 


The terraces and the underlying bedrock 
surfaces slope riverward at approximately the 
same inclination. These slopes apparently te- 
flect downcutting of the stream and concurrent 
lateral shifting. The combination of these two 
processes also seems to explain why the terraces 
are dominantly unpaired and why scarp heights 
are variable. 

SLOPES OF BEDROCK AND ALLUVIAL SURFACES: 
Bedrock surfaces beneath the terraces slope at 
least several feet per mile. This is exemplified 
by the widespread surface beneath the Sey- 
mour which has a minimum slope of about 5 
feet per mile and a maximum of about 20 
(Fig. 8). As is revealed by numerous outcrops, 
the bedrock surfaces are smoothly beveled and 
overlain by coarse, cross-bedded alluvium; this 
indicates that they are erosion surfaces pro- 
duced by lateral stream planation. The direc: 
tion in which the surfaces slope indicates the 
approximate direction of stream shifting. Ac- 
tually, the slope represents two components of 
downcutting: a greater cross-valley component 
associated with lateral planation and a lesser 
down-valley component associated with the 
gradient of the stream, and the resultant of the 
two is a slope direction slightly oblique to the 
course of the stream. For example, the bed 
rock surface south of the Brazos in Figure 8 
shows such a slope relationship to the present 
stream course and thus reflects a northerly shift 
of the stream. Other aspects of stream shifting 
are inferred by variations in slope of the bed- 
rock surfaces. For example, bends in contours 
probably reflect former pronounced bends in 
the river course, closely spaced contours re 


3In naming the ‘Seymour beds” Cummins writes: 
“The formation with its natural barriers is weil repre- 
sented between the Brazos River and the Big Wichita 
River, between Seymour in Baylor County and Ben 
jamin in Knox County, and I have named its beds 
Seymour beds for the reason that I first saw them in 
that vicinity, They range in thickness from a few feet 
to fifty, the thickest being on the west and are com- 
posed of unstratified beds of sandy clay resting upon 
redbeds of the Permian.” 
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fect slow lateral migration, and widely spaced 
contours indicate rapid migration. 

Slopes of the terraces are similar to those of 
the bedrock surfaces, since the terraces are de- 
yeloped on alluvium of essentially uniform 
thickness. There are, however, minor devi- 
ations in slope which represent alterations in 
the initial thickness of the deposits. For ex- 
ample, the slope of the Seymour terrace over 
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sides of the valley only along growing loops of 
incised meanders, as above Waco (Fig. 4), and 
where the alluvium of a tributary at its mouth 
matches that of the master stream. With the 
exception of these two circumstances the ter- 
races are unpaired. 

The unpaired terraces are attributed to the 
degradational habit of the stream. This con- 
clusion is based primarily on two separate lines 
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much of the Knox Plains is slightly greater 
than the initial alluvial slope because of a 
veneer of eolian sand which thickens south- 
ward (Fig. 5, slope in the vicinity of Munday); 
other steepened slopes are attributed to the 
deflation of deposits along scarps. If the more 
pronounced deviations in slope, which are due 
to dissection or dune topography, are dis- 
regarded, the terraces thus have an over-all 
slope similar to that of the underlying bed- 
rock floor—that is, they slope slightly down- 
stream from a direction that is normal to the 
stream course. Therefore, the criteria men- 
tioned above with reference to interpreting 
stream shifting may also be applied to the ter- 
races, provided postdepositional changes in 
slope are taken into consideration. 

CROSS-VALLEY RELATIONS OF TERRACES: 
Terraces occur at equal elevations on opposite 


miles 
Ficure 5.—ScHematic Sections oF THE VALLEY UpsTREAM FROM SeyMouR (Top) AND 
DownstREAM FROM Waco (Borrom) 
Refer to Figures 3 and 4 for location of towns. 


of reasoning. If the stream does not migrate 
across the valley but remains in a relatively 
fixed position, its deposits are not likely to be 
preserved along steep-walled valley segments 
that develop with stream entrenchment. The 
probable result of such entrenchment is a deep, 
narrow valley with no terraces preserved on 
either side, even though alluviation may have 
occurred as the stream lowered its channel. If 
the stream shifts across its valley during down- 
cutting, it destroys its flood-plain deposits on 
one side and shifts away from those on the 
other. This leads to a system of unpaired ter- 
races. If such shifting has been directed pri- 
marily against one valley wall, terraces should 
be developed only along one side of the valley, 
but if there have been reversals in shifting the 
chances are that terraces will be developed on 
both sides. The former case seems to be repre- 
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sented by the Seymour terrace south of the 
Brazos* and the latter by the lower, middle, 
and upper terraces below Waco (Fig. 5). 

A theory recently advanced by Quinn (1957) 
to explain terraces developed along central 
Texas streams seems to be largely based on a 
generalization that the terraces are paired. Al- 
though most of his paper applies to terraces 
reported by Deussen (1924) to be paired along 
the Colorado River, Quinn apparently cen- 
cludes from two cross-valley profiles, aiso by 
Deussen (1924), that terraces of the middle 
Brazos are also paired. This does not appear to 
be generally true; in fact the opposite situation 
is prevalent. 


Ficure 6.—Scuematic Diacram SHowinc Mopes 
oF OrIGIN OF SCARPS 

Identical scarps may be formed by either (a) concur- 
rent lateral planation and downcutting interrupted by 
entrenchment or (b) concurrent lateral planation and 
downcutting accompanied by reversals in channel 
shifting. 


VARIABLE HEIGHTS OF SCARPS: If scarps are 
erosiona! declivities produced by a river under- 
cutting its deposits, they may represent either 
entrenchment of the valley floor or lateral 
planation accompanied by downcutting. These 
processes may produce scarps of identical 
nature (Fig. 6). The fact that scarps show con- 
siderable irregularity in height certainly seems 
to imply that differential lateral planation has 
been an active process in scarp formation. 
Some of the height irregularity may be ex- 
plained by alterations in the initial thickness 
of alluvium, but this cannot account for vari- 
able intervals of bedrock exposed beneath the 
alluvium; in some cases the bedrock exposed 
along scarps increases from a few feet to more 
than 50 in a distance of a few miles. Such ir- 
regularity seems to be a result of differential 
lateral planation; some segments of the stream 
have apparently outshifted others, thereby ex- 
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posing greater intervals of bedrock beneath 
undercut alluvium. 

The persistence of terraces at similar height; 
in the valley. may point to an episodic contro 
of sedimentation by a cyclical stream regimen 
For example, terraces downstream from Waq 
seem to be correlative with those deveio 
immediately above Waco along incised me! 
ander loops (as is indicated by the terrac 
having the same names). Such relationships a 
difficult to explain without appealing 
periodic entrenchment of the stream or at leas 
episodes of accelerated downcutting. 

~The irregularity of scarps, which may be 
typical of degradational streams in general, 
makes the history of such streams extremely 
difficult to interpret. Unlike the uniform 
scarps developed in alluvial valleys, the scarps 
along degradational streams cannot necessarily 
be interpreted as having been caused by a 
change in stream regimen from an aggrada- 
tional or poised habit to a degradational habit, 
No steadfast rule of cyclical interpretation 
seems to apply to scarps of degradational 
streams. Basically, the difficulty lies in dis 
tinguishing scarps formed by entrenchment 
or accelerated downcutting from those formed 
by combined lateral planation and uniform 
downcutting, and since this problem has not 
been resolved for scarps of the Brazos, no in- 
terpretation of cyclical stream regimen is at- 
tempted here. 


Lithologic Sequence 


The terrace deposits normally show a 
gradation in size of components, and some 
contain lentils of volcanic ash. The normal 
gradational sequence represents an_ orderly 
procession of depositional events. 

NORMAL SEQUENCE OF GRADED ALLUVIUM: 
The usual sequence of alluvium shows an over- 
all coarse-to-less-coarse gradation ranging from 
graveliferous basal deposits to upper silt or 
clay. Generally confined to the lower 10 feet 
of the sequence, most of the gravel is rounded, 
siliceous pebbles up to 4 inches in diameter. 
These pebbles are apparently derived from out: 
crops of Pennsylvanian, Permian, and Cre- 
taceous red beds in the investigated valley and 
Tertiary ‘‘mortar beds” farther west on the 
High Plains. Grading upward from the gravel, 
the sand and finer alluvium in most places are 
about 20 feet thick, making the total average 


* As is explained below, the Seymour terrace north of 
the Brazos is probably related to another stream. 
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thickness of the normal sequence in the neigh- 
horhood of 30 feet. 

Because a similar gradation of components 
isobservable on the surface along cross profiles 
of recent alluvium, increasing in size toward 
the channel, the superposition of gravel, sand, 
and finer alluvium is attributed as follows to 
channel migration. In any given locality over 
which a channel migration occurs, (1) a 
gavelly bed load is first deposited in the chan- 
ael on a bedrock floor, followed by (2) a suc- 
cession of finer gravel and sand as the channel 
hifts, and finally (3) fine sediments of over- 
jank flow on the flood plain after the channel 
has migrated farther. A pronounced migration, 
therefore, gives rise to an alluvial sheet show- 
ing fairly uniform gradational properties, as do 
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scarps the terrace deposits. 

cessarilyf. The thickness of alluvial sheets so formed is 
d_ by af equal to the relief of the channel—or the verti- 
iggrada-f cal distance between channel bed and flood 
al habit.§ plain—and this distance is determined by the 
retationf magnitude of stream stage variations. Flood 
dational § stages recorded at Waco compare with thick- 
in dis-§ nesses of the lower, middle, and upper terrace 
chment } deposits, but the maximum stage recorded at 
formed ] Seymour is about 15 feet less than the average 
iniform } thickness of Lewis Creek and Seymour alluvi- 
has not} um. This may indicate a decrease in rainfall 
, no inf and discharge in the upstream part of the val- 
n is at-} ley during Recent time. 

PEARLETTE ASH AND OTHER EOLIAN DE- 
posits: Scattered lenses of volcanic ash occur 
at eight localities in Knox County along dis- 

how af scted margins of Seymour alluvium (Fig. 3). 
1 some} None of the ash outcrops exceeds a thickness 
normal § of 10 feet or a width of 100 feet, but separate 
orderly § outcrops in some of the localities suggest the 
dissection of an ash body with a breadth of 
UVIUM: several hundred feet. The ash is easily recog- 
n over f nized by its snow-white color and powdery 
g from texture. 
silt or} On the basis of its physical characteristics 
10 feet and geographic occurrence, the ash in the Sey- 
unded, f mour is identified as Pearlette ash. Discovered 
meter. | and named by Cragin (1896), the Pearlette ash 
m out: is now known to occur in numerous localities 
1 Cre on the Great Plains from northwestern Texas 
ey and F to southeastern South Dakota and reportedly 
mn. the f originated from a single ash fall (Frye, Swine- 
zravel, ford, and Leonard, 1948).> An analysis of ash 
até from the Seymour by Swineford, who has 
verage § made an extensive petrographic study of the 
Pearlette from more than 60 Great Plains 
orth of § localities, reveals the following (Personal com- 


munication). 
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. ++. ‘The glass is relatively unweathered and has 
a refractive index of 1.499+.002. The shards are 
strongly curved with thickened bubble junctures 
at high angles; all these features are typical of 
Pearlette ash.” 


Some of the ash lenses overlie dark clay that 
contains abundant mollusks; this suggests that 
the ash was deposited in ponds or small lakes. 

Eolian sand 1s also associated with the Sey- 
mour. Ranging up to 25 feet in thickness and 
locally displaying dune topography, such sands 
are common south of the Brazos on the Knox 
Plains (Fig. 3). These sands were not differ- 
entiated during mapping and thus are included 
as part of the Seymour, which means that in 
places the Seymour terrace is not developed as 
an alluvial surface. 


Faunal Constituents 


Vertebrate fossils have been reported from 
alluvium of most of the terraces, and a varied 
molluscan fauna is present in deposits of the 
Seymour. 

The vertebrates reported seem to represent 
a typical Pleistocene fauna. From the particu- 
larly fossiliferous Seymour deposits, investi- 
gated recently by C. W. Hibbard, fossils of the 
following mammals are reported (Hibbard, 
personal communication): Stegomastodon sp., 
Mammuthus sp., Equus cf. scotti, Glyptodon 
sp., Antilocaprid sp., sloth, peccary, and two 
species of camel. A similar fauna is present in 
terrace deposits near Waco. From alluvium of 
the middle and upper terraces at White Rock 
gravel pit, Adkins (1923, p. 85) reports teeth 
and jaw bones of Elephas (Mammuthus) im- 
perator, Elephas (Mammuthus) columbi, Camel- 
ops hesternus, Smilodon sp., and Alligator 
mississippiensis. Deposits of the lower terrace 
contain elephant, camel, and horse teeth, as 
reported by Brounaugh (1950, M. S. thesis, 
Univ. Texas) from several localities in and 
south of Waco. 

The molluscan fauna, collected from two 
localities (Fig. 3) by the author and kindly 
differentiated into species by Leonard, shows 
a close similarity to a fauna present in the Sappa 
beds of Kansas. The Kansas fauna has been 
studied extensively by Leonard and reported in 
detail (Leonard, 1950; 1952; Frye and Leonard, 


5 According to Swineford (1949) the ash probably 
originated from an eruption in the Valley Grande vol- 
canic area in north-central New Mexico, was swept 
eastward by prevailing winds, and settled out at numer- 
ous localities on the Great Plains, some of which are 
more than 700 miles from the postulated site of eruption. 
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1952). An examination of the Seymour fauna 


by Leonard has resulted in the recognition of 


34 species, including both terrestrial and 
aquatic forms (Leonard, personal communica- 
tion); these species are shown in Figure 7 along 
with the Pleistocene fauna of Kansas. The 
chart shows that 10 species from the Seymour 
are Sappa markers in Kansas. 


INTERPRETATION OF THE 
TERRACES AND DEPOSITS 


General Statement 


The foregoing characteristics indicate that 
the terraces and deposits originated as accre- 
tions of a Pleistocene stream shifting laterally 
as it incised its valley floor. Several authors 
have previously postulated this kind of origin 
for other deposits; therefore, the interpreta- 
tion has well-founded precedent. If the 
morphologic and stratigraphic characteristics 
arising from such an origin are understood, the 
history of stream migration may be worked out 
with considerable accuracy. 


Deposit Emplacement by Lateral Accretion 


Mackin (1948, p. 472-473) interprets the 
upward succession of gravel and finer alluvium 
in terrace deposits along a 50-mile segment of 
the Shoshone River, Wyoming, in terms of the 
modern stream as follows: 


“‘The manner of origin of the terraces is indi- 
cated by the present activity of the stream, which 
is meandering on its valley floor. Some curves are 
slicing laterally at the base of vertical to over- 
hanging rock walls, and some are shifting down 
valley from similar cut banks. As each meander 
shifts, it leaves behind a gravelly surface exposed 
at low-water stage—it is safe to infer that the 
thickness of this channel gravel is at least equal to 
the depth of the channel. It is evident that the 
gravel deposit grows by lateral accretion as the 
stream shifts, and if, as seems likely, it rests on a 
rock floor, then this floor must have been cut by 
the shifting stream parri passu with the deposition 
of the gravel. The gravel sheet represents the bed 
load; it is soon covered by fine silt and sand repre- 
senting the finer fractions of the suspended load 
deposited by slow-moving or ponded overbank 
waters, and later by slope wash and side-stream 
alluvial fans.” 


According to these observations, the vertical 
reduction in size of alluvial components re- 
flects a systematic response of sedimentation 
to differential hydraulic conditions existing 
along the channel bed, point bar, and flood 
plain. 


Happ (i Fisk, 1952, p. 685) postulates the 
following origin for the thick gravel-sand sub- 


stratum (125 to 250 feet) and thin silt-clay top 
stratum recognized by Fisk in recent alluvium 
of the Mississippi between Cape Girardeau, 
Missouri, and the deltaic coastal plain: 


.... “*There is no reason why a meandering river 
cannot aggrade its bed and flood plain, and ac. 
cumulate a considerable substratum of sand and 
gravel beneath a silt and clay top stratum. Sand 
and gravel are usually bed load materials and are 
sorted and left behind in point-bar ridges, or lateral 
accretion deposits, as a meandering channel shifts 
within its flood plain. In time the bed load deposits 
are covered by finer materials deposited from 
shallower overflow waters, usually slowed by vege. 
tation, and thus a top stratum is formed over sands 
and gravels of only slightly greater age. From a 
geological viewpoint, flood plain top stratum and 
substratum are formed concurrently and are of the 
same age. If more bed load reaches the river than 
it can carry away, the lateral accretion deposits will 
gradually be built to higher elevations, and thus a 
thickening substratum will accumulate and be 
covered by the top stratum which is being eroded 
away on the outer sides and replaced on the inner 
sides of channel bends.” 


Happ visualizes the top stratum as a thin 
veneer subject to reworking and replacement 
by coarser materials of the substratum, on top 
of which the silt and clay perpetuate at the 
surface through redeposition. Fisk (1944; 
1952), however, attributes the finer materials 
of the top stratum to a loss in stream-carrying 
capacity resulting from a progressive decrease 
in gradient during valley aggradation. If 
Happ’s interpretation is correct, then the 
much thicker deposits of the Mississippi are 
analogous in origin to those of the Shoshone 
and reflect differential, hydraulically controlled 
sedimentation along the channel bed, point 
bar, and flood plain. 

Hack (1955, p. 35) also appeals to the process 
of lateral accretion to explain terraces de- 
veloped on the ‘“‘upland deposits” of southern 
Maryland: 


‘*... the ancestral Potomac flowed in the soft sedi- 
ment, less resistant to erosion than the gravelly bed 
load of the river. For this reason, as the river 
meandered across the Coastal Plain, continually 
lowering-its channel, it had a tendency to cut and 
erode the bank composed of Miocene sand more 
rapidly than the bank composed of gravel. As a 
result. . . the river has eroded a wide valley and 
kept it gently terraced and veneered with aban- 
doned floodplain and channel deposits. The end 
result . . . is to produce a plain which slopes toward 
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the major streams, and which is gently terraced by 
low scarps parallel to them.” 

Schlee’s later work (1957) on the ‘‘upland de- 
posits” strengthens the interpretations made 
by Hack and serves as a model example of an 
analytical treatment of alluvial deposits. 

The preceding statements embody the prin- 
cipal views of the author concerning the origin 
of the Brazos River deposits and terraces. It 
seems certain that the vertical decrease in size 
of alluvial components represents superimposed 
lateral accretions of the channel bed, point bar, 
and flood plain, and that the prominent river- 
ward slopes of the terraces and their usual un- 
paired relations reflect lateral planation of the 
stream and concurrent valley downcutting. 
The limited thickness of the deposits (+30 
feet) represents a single alluvial sequence re- 
sulting from one channel migration over the 
site of deposition and appears to correspond to 
heights of high-water-or flood stages. 


Age and Climatic Significance of Pearlette Ash 


According to Frye, Swineford, and Leonard 
(1948, p. 514), the Pearlette ash has unique 
characteristics which relate it to a single ash 
fall. The ash fall has been reliably dated with 
respect to standard glacial chronology, because 
in Kansas the ash is interstratified with re- 
treatal outwash (Sappa beds) of the Kansan 
glaqier (Frye and Leonard, 1952, p. 104). The 
Peaflette, therefore, is of late Kamsan or g¢arly 
Yarmout ian age. 


alluyial plain and was swept by the wind into 
‘ponds where it was protected from erosion and 
pres¢rved as lenticular bodies. If this is true, an 
excefs of rainfall over evaporation seems to be 
indidated, because no standing bodies of water 
survive in the present-day dry climate. Since 
a glacier was available as a source of moisture 
only a few hundred miles to the north, rainfall 
was probably plentiful. 


Stream Shifting in the Seymour Area 


A reliable interpretation of stream shifting 
in the Seymour area may be made from slopes 
of the bedrock surfaces beneath the terraces, if 
these slopes were cut by streams having 
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Wit sp On tid ributa 


| calculated by extrapolating the position of the 


gradients comparable to the present-day 
Brazos. Such an approach makes it possible to 
reconstruct successive channel trends and 
positions and determine the approximate posi- 
tions of streams at the time of the Pearlette 
ash fall. 

PRE-PEARLETTE MIGRATION HISTORY: Slopes 
of the Seymour suggest that the valley floor 
was cut primarily by two major streams. The 
bedrock floor beneath the Seymour has a 
dominant northerly slope on the south side of 
the Brazos and a dominant easter!y slope on 
the north side (Fig. 8). Having been produced 
by a combination of downcutting and lateral 
planation, these slopes seem to reflect a north- 
erly shift of the Brazos and an easterly shift of 
another stream. The easterly shifting stream 
was probably a large tributary of the Brazos.‘ 

The approximate pattern of shifting of both 
streams is shown in Figure 9 by reconstructed 
channel trends. These trends have been estab- 
lished by plotting lines with slopes of 31% feet 
per mile, the gradient of the present-day 
Brazos, against the contour map (Fig. 8) of 
the valley floor. Although this method of 
plotting does not show individual loops which 
must have been present along both streams, the 
curvature of the lines probably reflects major 
bends of the channel course. The pattern of 
channel shifting thus indicated would not be 
materially altered by plotting gradients several 
feet greater or [dss than 31 feet, per mile, 


is placed eGiately east Of 
the easternmost ash outcrop. This position is 
only approximate and could be placed slightly 
farther eastward but no farther westward. An 
approximate ash-fall position of the Brazos is 


tributary, at a slope of 31% feet per mile, to 
an intersection with a Brazos position at an 


® The only difference noted in deposits of the two 
streams, other than slope, is the presence of abundant, 
silicified Gryphaea in gravels of the tributary. Further 
investigation along these lines is needed and could re- 
veal additional lithologic differences, major differences 
in cross-bedding trends, and other contrasting relation- 
ships. 
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equivalent elevation.’ On the basis of this 
extrapolation, the Brazos had shifted at least 
to the position shown in Figure 9 before the 
ash fall 

POST-PEARLETTE MIGRATION HISTORY: The 
fact that the tributary no longer exists seems 
to be best explained by continued eastward 
shifting of the stream after the ash fall and, 
finally, diversion into the Wichita River sys- 
tem. Several lines of evidence support this 
conclusion. Perhaps the strongest evidence is 
the broad development of the southeasterly 
sloping Lewis Creek terrace on the drainage 
divide between the Brazos and Wichita rivers 
and a shallow depression which appears to be 
an infilled channel trending northwest-south- 
east across this terrace (Figs. 3, 9). This de- 
pression gradually deepens southeastward and 
merges with the channel of Lewis Creek near 
Seymoui. According to water-well drillers, 
alluvium beneath and adjacent to the depres- 
sion exceeds a thickness of 25 feet. 

Another line of reasoning in support of the 
postulated diversion centers around the gradi- 
ent advantage that would have been gained 
by such a realignment of drainage, inasmuch 
as the Wichita valley immediately upstream 
from Lake Kemp (Fig. 3) is about 100 feet 
lower than the Brazos valley at Seymour. Ac- 
celerated erosion resulting from steepening of 
the tributary’s gradient might explain the 
rugged ‘‘badlands” topography in the valleys 
of the North and South Wichita Rivers and 
perhaps the origin of the South Wichita. A 
final argument supporting diversion of the 
tributary is based on an abrupt bend in the 
Wichita River about 8 miles upstream from 
Lake Kemp (Fig. 9). This bend seems to be a 


classic example of an elbow of diversion. 


CONCLUSIONS 


The Brazos River in its interior valley is a 
degradational stream imprisoned throughout 
much of its course by steep-walled meanders 
incised into hard bedrock. Along channel seg- 
ments developed in soft bedrock immediately 
upstream and downstream from the belt of 
incised meanders, the stream shows typical 
patterns of braiding and meandering, and the 
valley has been markedly widened by lateral 
planation. 


Thin veneers of terraced alluvium, which are 
typical of the wide-valley segments, are ac 
cretionary deposits that have accompanied 
lateral planation of the stream and concurrent 
downcutting. The deposits normally show the 
following genetic traits relating to such ap 
origin: (1) a vertical lithologic succession grad- 
ing from basal gravel to terminal silt or clay 
which represents bed load, bank, and over- 
bank-flood-plain deposits superimposed by the 
process of channel migration; (2) an average 
thickness of about 30 feet, which ts a function 
of stream-stage variation and represents the 
vertical distance from channel bed to flood 
plain; (3) sloping terrace and underlying bed- 
rock surfaces with two components of slope: a 
major cross-valley component related to lateral 
planation and downcutting and a down-valley 
component imposed by the stream gradient; 
and (4) a development of unpaired terraces, 
because lateral planation and undercutting 
have precluded the formation of opposing 
valley-side counterparts. Interpretations of 
channel migration based on these properties 
indicate that the widespread alluvium west of 
Seymour has been deposited primarily by two 
streams: the Brazos and a former tributary of 
the Brazos. Successive channel trends of both 
streams during their prolonged alluviation are 
indicated by the slopes of bedrock surfaces cut 
by lateral planation. The distribution of 
Pearlette ash lentils in the alluvium makes it 
possible to determine the approximate posi- 
tions of the two streams during late Kansan or 
early Yarmouthian time. These positions indi 
cate that the bulk of alluvium in the Seymour 
was deposited before the ash fall. 

The author is convinced that the strat 
graphic and geomorphic properties listed above 
have an importance that extends beyond pro 
vincial boundaries. Because the properties are 
genetic traits imparted by the degradational 
process, they may serve as useful criteria for 
recognizing and interpreting other degrada 
tional stream deposits. 


7 No ash has been found in deposits of the Brazos, 
probably because these deposits are not nearly so highly 
dissected as those of the tributary. The chances are good 
that ash lentils lie buried beneath the Knox Plains. 
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Mathematical Models of Slope Development 


Abstract: Various theoretical postulates regarding 
the origin of degradational slopes have been inves- 
tigated. These postulates represent specific physical 
conditions which can be expressed in the form of 
nonlinear hyperbolic partial differential equations. 
A number of such differential equations, corre- 
sponding to various possible physical conditions, 


has been integrated numerically, and the results of 
the computations are presented. Thus one obtains a 
number of slope profiles upon which the observa- 
tional scientists may draw. In every case, a com- 
parison between theoretical and observed slope pro- 
files will ascertain the physical conditions that pro- 
duced the latter. 
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|. INTRODUCTION AND 
ACKNOWLEDGMENTS 


The explanation of the origin of land forms 
visible on the earth’s surface has been an in- 
triguing problem for a long time. In the de- 
velopment of landscapes two types of proc- 
esses are involved which are termed endogenetic 
and exogenetic. The endogenetic processes 
originate in the interior of the earth and involve 
such phenomena as the creation of continents, 
the building of mountains, and the genesis of 
volcanoes. The exogenetic processes originate 
outside of the solid earth and involve such 
phenomena as the sloping of valleys, the plana- 
> of mountains, and the building up of flood 
plains. 


In an endeavor to apply theoretical methods 
to the earth sciences, the writer has been con- 
cerned primarily with endogenetic processes. 
(See Scheidegger, 1958.) However, it is hardly 
justifiable to separate the two type of processes, 
since an interrelation must exist between them. 
The division between exogentic and endo- 
genetic geodynamics is thus more for conven- 
ience than for valid physical reasons. 

The theory of endogenetic processes has been 
studied far more intensively than the theory of 
exogenetic processes in spite of the fact that 
there is considerably more room for unfounded 
speculations in the former than in the latter. 
The data for exogenetic processes based on 
direct observations of landscapes, are supplied 
by geomorphologists. No tenuous inferences 
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with regard to processes and conditions in the 
interior of the earth are necessary, as the agents 
can usually be observed at work. 

One of the chief problems in exogenetic 
geodynamics is the development of slopes. 
Slopes are described in many textbooks on 
geomorphology; much numerical work on 
their physiography has been done by Strahler 
(1952; 1956; Smith, 1958). Geomorphologists 
have listed various agents that may bring about 
slope developments; among others are erosion, 
accumulation, and weathering. The combined 
effect of these phenomena is called denudation. 

A brief review of earlier mathematical work 
is given. Various models based on a variety of 
physical considerations are then set up. The 
consequences of these models are calculated 
out, and the slope profiles ensuing from them 
are presented. Since these slope profiles are 
thus tied up with specific physical conditions, 
the comparison of the theoretical profiles with 
any particular slope in nature indicates the 
physical conditions that produced the slope. 

The present study was completed during the 
writer’s appointment as Visiting Professor of 
Geophysics at the California Institute of Tech- 
nology in Pasadena. The writer is greatly in- 
debted to Robert P. Sharp and Frank Press of 
the California Institute of Technology for the 
invitation to spend an extended period of time 
in Pasadena, and to E. Donald Wilson and 
James W. Young of Imperial Oil Limited, for 
arranging for the leave of absence from Cal- 
gary. The writer also wishes to acknowledge 
the help obtained from the staff of the Com- 
puting Center at the California Institute of 
Technology, particularly that of Robert Na- 
than and Kendrick J. Hebert in debugging the 
program; and he wishes to thank Joseph N. 
Franklin for many invaluable suggestions re- 
garding the numerical-analysis aspects of the 
approximation procedures involved. Robert P. 
Sharp has read and commented on the manu- 
script; his interest and valuable suggestions in 
connection with the present investigation have 
been extremely helpful. The atmosphere 
created by the co-operation of the various 
authorities at the California Institute of Tech- 
nology made the writer’s stay in Pasadena an 
extremely pleasant one. 


2. REVIEW OF PREVIOUS 
MATHEMATICAL WORK 
Several geomorphologists have set up mathe- 
matical models of slope development. The best 
known such model is probably that proposed 


by Lehmann (1933), which is applicable to the 
decay of Alpine cliffs: a steep slope of slope 
angle B is bounded by two horizontal planes 
which are the (vertical) distance A apart. Each 
individual amount weathering off the slope 
will pile up at the bottom, and the surface of 
the pile will form a scree angle a. Some of the 
material, however, may get lost (or the total 
volume may increase because of a decrease in 
density) during the transfer, so that one has to 
set 


Vr/Vo (2.1) 


where Vz is the slope material removed and Vp 
the corresponding volume of debris piling up 
at the bottom. According to Lehmann, the 
scree building up protects the slope under- 
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Ficure 1.—PAaRALLEL WEATHERING OF A STEEP SLOPE 
wiTH ScrEES PILING UP AT THE BoTTom 
(After Lehmann, 1933) 


neath from further weathering, so that for each 
infinitesimal amount of slope recession (Fig. 1) 
one obtains: 

dx _ B+ (cota — c cot a — cot B)y 
dy h— cy 


, (22) 


where y is the vertical and x is the horizontal 
co-ordinate of a slope cross section. This is a 
differential equation which can be integrated. 
It then leads to the equation of the curve being 
formed by the cross section of the slope build- 
ing up underneath the scree. Bakker and the 
school following him took up Lehmann’s theory 
and greatly expanded it (Bakker and Le Heux, 
1946; 1952; Bakker and Strahler, 1956; Van 
Dijk and Le Heux, 1952; Looman, 1956); they 
calculated curves for various values of the 
parameters represented by the solution of the 
differential equation (2.2); examples are shown 
in Figure 2. Similarly, graphical methods for 
the construction of developing slope profiles 
have been devised. 

In the above theory it is assumed that during 
each infinitesimal time interval, the exposed 


part of 
cession. 
achievec 
by rep 


Figure 2 
SHAPE 


(After 
a, b=cot 


postulat 
rectiline 
tesimal 
represer 
tion the 
heights 


Ficure 3 


basic di 
(2.2) b 
cated, b 


type as 
shown i 


FicurE 


(After 
«,b=cot 


The 


develop 


Bay 
A 
: 
| 
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part of the slope recedes by parallel slope re- 
cession. Bakker and Le Heux (1947; 1950) 
achieved a notable generalization of the theory 
by replacing this assumption by another 


cz 
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FicurE 2.—INFLUENCE OF THE CONSTANT ¢ ON THE 
SHAPE OF THE SLopE UNDERNEATH THE SCREES IN 
PARALLEL SLOPE WEATHERING 
(After Bakker and LeHeux, 1952) Note that a=cot 
a,b=cot 8; a is the screes angle and @ the original slope 
angle. 


postulating that one is faced with central 
rectilinear slope recession during each infini- 
tesimal time interval (Fig. 3). This assumption 
represents an attempt to allow for the condi- 
tion that weathering may be greater at larger 
heights as compared with smaller ones. The 


Ficure 3.—CeNTRAL REcTILINEAR SLOPE RECESSION 
(After Bakker and Le Heux, 1947) 


tasic differential equation of slope recession 
(2.2) becomes now somewhat more compli- 
ated, but its solutions are of the same general 
type as those obtained earlier. Typical cases are 
shown in Figure 4. 


072.5 
c=I/3 


Ficure 4.—CenTRAL RECTILINEAR RECESSION OF A 
PLATEAU 
(After Bakker and Le Heux, 1947) Note that a=cot 
b=cot B; a is the screes angle and the original slope 
angle. 


The above models are concerned with slope 
development due to weathering only. It has 
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been assumed that the slopes are building up 
under a scree. This is somewhat unsatisfactory, 
since a slope is actually an erosion residual 
which evolves at the edge of the scree. Let us 
therefore investigate the change of a slope by 
erosion. A model like the above is particularly 
applicable if the slope consists of the material 
which the eroding agent carries—i.e., in allu- 
vial slopes if the carrying agent is water. How- 
ever, the picture thus envisaged may be the 
same for the erosion of almost any bedrock 
slope. The mechanism of such erosion can be 
explained as follows: In general, a relationship 
exists between the speed of flow and the carry- 
ing capacity of the water flowing over the slope. 
If the water carries less material than is its 
capacity, it takes on more material from the 
slope underneath and thus makes it recede. 
Conversely, if the flow is slowed down, the 
carrying capacity decreases, and therefore ma- 
terial will be deposited. The latter process is 
called slope development by accumulation. 

A model for the slope build-up by accumu- 
lation has been discussed by the writer (Schei- 
degger, 1959). It was shown that accumulative 
slopes should be essentially concave (this was 
taken as an a priori assumption in a theory of 
the development with time of accumulative 
slopes proposed by Strahler [1952]) and flatten 
out with time, as they are represented by an 
error-function complement. This theory can be 
extended to the case where material transport 
effects removal of mass. The equation of the 
slope is always an error-function complement: 
the transport of mass effects erosion on one side 
of the center of the slope and accretion on the 
other side (Fig. 5). 
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Figure 5.—StorpeE DeveLopMENT By ACCUMULATION 
AND ERosIon 


3. VARIATIONS OF EXPOSURE: 
LINEAR THEORY 


The theories of weathering reviewed above 
are concerned with the shape of a rocky core 
beneath a pile of debris. However, Bakker and 
his followers also applied this theory to the 
shapes of visible slopes. To uncover the slopes 
the debris upon them must somehow be re- 
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moved by the action of some eroding medium. 
It then appears doubtful that the original shape 
of the slopes existing beneath the debris could 
remain unaffected. 

In the theory of central rectilinear slope re- 
cession, an attempt was made to take into ac- 
count variations of the rapidity of degradation. 
However, this was done by a postulate regard- 
ing the geometry of the slope without justify- 
ing it by a proper model of mass transport. One 
might therefore want to analyze systematically 
the effect of various assumptions regarding the 
rapidity of degradation on the shape of the 
slope and hope that the various shapes en- 
countered in nature could be obtained directly 
from appropriate postulates regarding the pro- 
cess of degradation. 


y 


7 X 
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Ficure 6.—GENERAL GEOMETRY OF A SLOPE 


If the slope material is homogeneous, vari- 
ations of the rapidity of degradation will be 
due to variations of exposure of the rock to the 
elements of the weather. The following are 
possibilities: 

case |: The degradation is independent of 
the slope and proceeds at an equal rate at any 
exposed portions of the slope. 

casE 2: The degradation is proportional to 
the height of the point under consideration 
above a certain base level. This could be justi- 
fied by the observation that in certain areas 
precipitation increases with height. 

case 3: The degradation is proportional to 
the steepness of the slope. This could be justi- 
fied by noting that the degradation is due to 
the exposure of the slope. The steeper the 
slope, the faster the debris will be removed. 
Thus, the steeper slopes will generally be more 
exposed than less steep ones. 

Let us investigate how degradation affects 
the shape of slopes in the above three cases. In 
order to do this, we assume that the lowering 
of the slope per unit time at any given point is 
proportional to a constant (case 1), the height 


of the slope (case 2), or the slope (case 3). Thus, 
denoting the height by y, the location by x, 
we have (cf. Figure 6): 


= — const. (3.1) 
with 

casEl: @=1 (3.2) 

cAsE2: @=y (3.3) 

3: = Oy/Ox. (3.4) 


It will turn out that cases 1 and 2 are quite 
unrealistic. However, they correspond in es 
sence to the models envisaged by Bakker and 
followers and therefore must be followed up, 
One could also envisage other models, such as 
setting ¢ = 1/(dy/dx), but this probably would 

no improvement over case 3, as it would 
mean that a horizontal slope would degrade 
infinitely fast, but a vertical one not at all. 

It is obviously always possible to change the 
time scale so that the constant in (3.1) can be 
set equal to 1. Thus, one has a partial differ- 
ential equation to solve: the original shape of 
the slope represents the arbitrary function that 
enters into the solution of every partial differ- 
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Ficure 7,—Store Recession 1N Case oF THE 


Linear THEORY 


ential equation. In the three’ cases under com 
sideration, the solution is very easily obtained. 
casE |: The differential equation is 


(5) 
with the initial condition y=/,(x). The solu: 
tion is 

y= folx) — (3.6) 


This represents the case of equal slope reces 
sion. The slope retains its shape and simply 
moves downward. (See Figure 7.) If the slope 
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is rectilinear initially, then one has parallel 
sope recession downward, as expected. 
case 2: The differential equation is 


Oy _ 
y (3.7) 


with the initial condition y, =f, (x). The solu- 
tion is 
y = folx)e“*. (3.8) 


At any time, all slope heights, therefore, are 
reduced proportionately. (See Figure 8.) If the 
dope is rectilinear to begin with, then this 
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Ficurr 8.—Store Recession 1n Case 2 OF THE 
Linear THEORY 


represents central slope recession. The latter 
has, thus, been given a clear physical justifica- 
tion. 
case 3: The differential equation is 
dy 


Ox 


With the initial condition y, =f, (x), the solu- 
tion is 


(3.9) 


This solution signifies that any given slope pro- 
fle will wander to the right with time. (See 
Figure 9.) If the slope is rectilinear initially, 
this means parallel slope recession, as in case 1. 
Thus, parallel rectilinear slope recession can 
occur in case | as well as in case 3. 

The various cases discussed above are those 
that have been treated in the earlier work of 
Bakker and followers. During its recession, a 
rectilineer slope remains rectilinear; the de- 
velopment is either parallel or central, depend- 
ing on the model that is chosen. The physical 
conditions leading to central slope recession 
are not very satisfactory, as it is artificial to as- 
sume that the degradation is proportional to 
the height of the slope above a certain base 
level. It is much more natural to assume that 
the rapidity of degradation is proportional to 


(3.10) 


the slope itself which, according to the above 
discussion, leads to parallel slope recession. 

The basic shape of the slope remains un- 
altered in all three cases treated above. The 
hope that a variation of exposure would change 
the slope shapes is therefore not fulfilled in the 
above mathematical models. 


4. VARIATIONS OF EXPOSURE: 
NONLINEAR THEORY 


The mathematical models of slope develop- 
ment discussed so far are basically simple, but 
important conditions obtaining in nature have 
been neglected, and the calculated slope pro- 
files therefore appear far too simple. 

A serious oversimplification was made in the 
models when the vertical lowering of the slopes 
was set proportional to some expression which 
was either a constant, equal to y or equal to 
dy/dx. One should allow for the fact that 
weathering acts normal to the slope, so that 


case = dy/ax 
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Ficure 9.—Stopre Recession 1n Case 3 OF THE 
Linear THEORY 


the vertical lowering is then represented by 
the vertical effect of the denudation action (the 
latter is taken as proportional toa constant, y or 
dy/dx, according to the case under considera- 
tion) which is directed normally against the 
slope. 

In order to investigate the effect of this as- 
sumption, consider Figure 10: 


A ABC = A DAE; 


hence 


distance AB = distance AD et 
dx = distance BC = distance AE. 


However, by Pythagoras’ theorem  . 
distance AB = V dx? + dy’. 
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Ficure 10.—Verricat Errect oF WEATHERING AcTION NorMAL TO THE SLOPE 


action on slope __ distance AE 
effect on slope distance AD 


Hence 


action on slope dx 


effect on slope (dx? + dy*)#’ 


or 


2 
oe action on slope; 
Ix 


effect on slope = 
thus 
Oy _ 


dy\? 


if @ is the action on the slope, as before. Thus, 
@ must be one of the expressions (3.2), (3.3), 
or (3.4) corresponding to the three possible 
cases under consideration. 

The improved ‘‘new” differential equation 
(4.1) of slope development differs from the old 
one in a very fundamental regard: it is non- 
linear. Easy solutions of the new equation can 
therefore no longer be obtained. The problem 
for the three cases was therefore tackled with 
the help of an electronic computer (the Bur- 
roughs 205 Datatron of the California Institute 
of Technology) by approximating the differ- 
ential equation by a difference equation. As 
always with nonlinear hyperbolic partial dif- 
ferential equations, the choice of the steps in 
the approximation procedure is critical. The 
steps for Ax and At must be consistent with 
the domain of influence defined by the net of 
characteristics (see e.g., Collatz, 1951), but this 
is merely a necessary, not a sufficient, condi- 
tion for achieving stability for the solution. 


(4.1) 


In all cases considered, the development ofa 
long straight slope bank was studied (in pro 
file). The original height of the bank was as- 
sumed to be equal to 0.5 (arbitrary) scale unit 
of y and the original slope at one end of the 
slope equal to 2. The co-ordinate x varies from 
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Ficure 11.—Oricinat Stope BANK 


0 to 1 in 100 steps. The original slope, thus, 
has the shape shown in Figure 11. The pro 
cedure adopted in the individual cases was as 
follows: 

casE |: The differential equation is 


dy\? 
V'+(2) 


which was approximated by the following dif 
ference equation: 


(ina 
Yn — \?| 
n n— 
Xn Xn—1/ m 


The characteristics are (using, eg., the 


formula given by Collatz, 1951, p. 241): 
dt/ds = 


(42) 


(43) 


(4.4) 
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Tasie 1.—Stope Recession Case | oF THE NONLINEAR THEORY 


_ 5 10 15 20 25 30 35 40 45 


0.00 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 


0.02 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.04 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.06 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 


.45000 0.40000 0.35000 .25000 0.16914 0.05736 0.00000 
.45000 =0.40000 0.35000 
.45000 0.40000 0.35000 
.45000 0.40000 0.35000 


.4500@ 0.40000 0.35000 


0 

0.25000 0.19969 0.09736 0.00000 

0.25000 0.20000 0.13684 0.02556 0.00000 
30000 0.25000 0.20000 0.15000 0.06554 

0 

0 

0 


0.00000 
0.00000 
0.08 0.04820 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.10 0.08820 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.12 0.12820 9.01639 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.14 0.16820 0.05639 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.16 0.20820 0.09639 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.18 0.24820 0.13639 0.02458 0.00000 0.00000 6.00000 0.00000 0.00000 0.00000 
0.20 0.28820 0.17639 0.06458 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.22 0.32820 0.21639 0.10458 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.24 0.36820 0.25639 0.14458 0.03278 0.00000 0.00000 0.00000 0.00000 0.00000 
0.26 0.40820 0.29639 0.18458 0.07278 0.00000 0.00000 0.00000 0.00000 0.00000 
0.28 0.42811 0.33639 0.22458 11278 0.00098 0.00000 0.00000 0.00000 0.00000 
0.30 0.45000 0.37630 0.26458 15278 0.04098 0.00000 0.00000 0.00000 0.00000 
0.32 0.45000 0.39999 0.30458 19278 0.08098 0.00000 0.00000 0.00000 0.00000 
0.34 0.45000 0.40000 0.34302 23278 0.12098 0.00917 0.00000 0.00000 0.00000 
0.36 0.45000 0.40000 0.35000 27273 +=0.16098 0.04917 0.00000 0.00000 0.00000 
0.38 0.45000 0.40000 0.35000 29994 0.20097 0.08917 0.00000 9.00000 0.00000 
0.40 0.45000 0.40000 0.35000 0.24006 0.12917 0.01736 0.00000 0.00000 
0 0.00000 
9 0.00000 

0 

0 

0 


.25000 0.20000 0.15000 9.09900 


.25000 0.20000 0.15000 0.10000 0.00355 
-25000 0.20000 0.15000 0.10000 0.05000 


0.40000 0.35000 
.45000 0.40000 0.35000 


we w 


oo 
+N 
— 
+ 


- Oy/Ox 5) 2° longer straight downward but partly side- 
Pie I+ (y/dx)? (4.5) ways. At the same time, the sharp edge be- 
m comes rounded. 
with s equal to the arc length on the character- cask 2: The differential equation is: 
istics. This yields as a necessary condition for 
stability: dy\? 
y + (2) (4.8) 
At < Ax Vi + 1/(dy/dx)? (4.6) 
with 
case |: ¢ = constant At=Ax 
At = — ty; Ax = tn — os 
5 
Since the right-hand side of this inequality is he —— 2 
always larger than I, one can safely set Art PP ae 
03 : 
At = Ax. (4.7) 


The result of carrying out the approxima- 
tion procedure is shown in Figure 12; some of #4 Z / / / / 45 oes 
Y 50 


the numerical values are tabulated in Table 1. 
o3 o4 os 06 o7 os 


of 


It is evident that there is a difference if the on 
Present case be compared with the analogous Ficure 12.—Stope Recession 1n Case | oF THE 
one of the linear theory. The recession is now Nonunear THEory 
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TasLe 2.—Store Recession 1N Case 2 oF THE NONLINEAR THEORY 


= 20 40 60 80 100 120 140 160 
0.00 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.02 0.02705 0.01983 0.01518 0.01188 0.00944 0.00758 0.00612 0.00496 
0.04 0.05410 0.03968 0.03036 0.02366 0.01889 0.01516 0.01224 0.00992 
0.06 0.08115 0.05952 0.04554 0.03565 0.02833 0.02274 0.01836 0.01488 
0.08 0.10820 0.07936 0.06073 0.04753 0.03778 0.03032 0.02448 0.01985 
0.10 0.13525 0.09920 0.07591 0.05941 0.04722 0.03790 0.03060 0.02481 
0.12 0.16230 0.11904 0.09109 0.07130 0.05667 0.04547 0.03672 0.02977 
0.14 0.18935 0.13888 0.10627 0.08318 0.06611 0.05305 0.04284 0.03473 
0.16 0.21640 0.15718 0.12145 0.09506 0.07555 0.06063 0.04896 0.03969 
0.18 0.24345 0.17856 0.13664 0.10695 0.08500 0.06821 0.05508 0.04465 
0.20 0.27050 0.19840 0.15182 0.11883 0.09444 0.07579 0.06120 0.04961 
0.22 0.29755 0.21824 0.16700 0.13071 0.10389 0.08337 0.06732 0.05458 
0.24 0.32460 0.23808 0.18218 0.14259 0.11333 0.09095 0.07344 0.05954 
0.26 0.35165 0.25792 0.19736 0.15447. 0.12278 0.09853 0.07956 0.06450 
0.28 0.37854 0.27778 0.21254 0.16636 0.13222 0.10611 0.08568 0.06946 
0.30 0.40242 0.29757 0.22773 0.17824 0.14166 0.11368 0.09180 0.07442 
0.32 0.40895 0.31706 0.24289 0.19012 0.15111 0.12126 0.09792 0.07938 
0.34 0.40895 0.32434 0.25790 0.20199 0.16055 0.12884 0.10404 0.08434 
0.36 0.40895 0.33449 0.27075 0.21367. 0.16996 0.13641 0.11015 0.08930 
0.38 0.40895 0.33449 0.27358 0.22265 0.17884 0.14382 0.11620 0.09423 
0.40 0.40895 0.33449 0.27358 0.22353 0.18262 0.14893 0.12117 0.09857 
0.42 0.40895 0.33449 0.27358 0.14923 0.12193 0.09963 
0.44 0.40895 0.33449 0.27358 0.22353 0.18264 0.14923 0 


.12193 0.09963 


The difference equation approximating this is: tral,” as was the case in the linear theory. One 
also has a rounding of the top edge. 


"eens case 3: The differential equation 1s 
+ n 


= ar dx dx] 
1 + (tm-+1 tm) ¥n 
oN This is approximated by the difference equa- 
The equations for the characteristics are: tion: 
(4.15) 
which lead to the condition 
< ae! +1 (4.12) 
y N@y/dx)? 
Since y is always smaller than 0.5, it is safe to set eh Mei cs. 
At = (4.13) 
120 
The results obtained by this approximation pro- os 
cedure are shown graphically in Figure 13. ee 
Some of the values are tabulated in Table 2. SS a 
In presenting these results, the time steps have —os 
been measured in units of Ax. Ficure 13.—Storpe Recession 1n Case 2 oF THE 
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VARIATIONS OF EXPOSURE: NONLINEAR THEORY 


Taste 3.—SLope Recession Case 3 oF THE NONLINEAR THEORY 


ee 40 80 120 160 200 240 

0.00 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.05 0.00678 0.00029 0.00001 0.00000 0.00000 0.00000 
0.10 0.04147 0.00809 0.00084 0.00004 0.00000 0.00000 
0.15 0.10149 0.03310 0.00893 0.00135 0.00010 0.00001 
0.20 0.18209 0.07370 0.02978 0.00938 0.00184 0.00020 
0.25 0.27681 0.12775 0.06227 0.02774 0.00976 0.00228 
0.30 0.37640 0.19405 0.10486 0.05557 0.02645 0.01010 
0.35 0.47564 0.27160 0.15663 0.09163 0.05121 0.02556 
0.40 0.49999 0.35905 0.21701 0.13515 0.08302 0.04810 
0.45 0.50000 0.45392 0.28559 0.18563 0.12119 0.07687 
0.50 0.50000 0.49994 0.36196 0.24277. 0.16527 0.11125 
0.55 0.50000 0.50000 0.44558 0.30623 0.21496 0.15817 
0.60 0.50000 0.50000 0.49973 0.37592 0.27005 0.19528 
0.65 0.50000 0.50000 0.49999 0.45158 0.33036 0.24445 
0.70 0.50000 0.50000 0.50000 0.49992 0.39576 0.29815 
0.75 0.50000 0.50000 0.50000 0.50000 0.46612 0.35628 
0.80 0.50000 0.50000 0.50000 0.50000 0.49997 0.41873 
0.85 0.50000 0.50000 0.50000 0.50000 0.50000 0.48487 
0.90 0.50000 0.50000 0.50000 0.50000 0.50000 0.49999 
0.95 0.50000 0.50000 0.50000 0.50000 0.50000 0.50000 


The equations for the characteristics are: 


dt/ds = 1 (4.16) 

Oy 

which yield the condition 

< (4.18) 


y\ Oy/Ox 
Jit (2) +72 

Ox 1+ (0y/ ax)? 
The machine was programmed to have the last 
condition always satisfied. Starting with A:= 
Ar, the computer would halve the time steps 
until the inequality was satisfied and then pro- 
ceed with the calculation. At the beginning it 
Was necessary to use 


At = \% Ax. 


Later it was possible to increase the time steps 
to Ax/4. However, for the presentation of the 
results in Table 3 and Figure 14, At = Ax/8 
was chosen as time unit. 

The results obtained in the last case are em- 
inently reasonable. The originally straight slope 
eats its way into the bank. The toe becomes 
very broad, the head remains relatively sharp, 
and thus the slope assumes a concave over-all 
appearance. Simultaneously, the average in- 
clination becomes less and less, and as time 
progresses, the steep bank will eventually yield 
toa very gentle slope. 

Of the three models discussed, the last is thus 


(4.19) 


the most reasonable. However, comparison of 
an actual slope in nature will, in every case, 
nail down the physical conditions that pro- 
duced it. 


5. EFFECT OF ENDOGENETIC PRO- 
CESSES ON SLOPE DEVELOPMENT 


As mentioned in the Introduction, endo- 
genetic and exogenetic geodynamic processes 
may occur at the same time. Thus, mountains 
may be built up while degradation is taking 
place, or oceanic islands may sink into the sea 
concurrently with but independently of exo- 
genetic planation. An analysis of the effect of 
superposition of the two types of processes 
(endogenetic and exogenetic) on slope develop- 
ment may therefore be of some interest. 

The models of slope development discussed 
here can be modified to describe external ef- 


case 3: g=dy/ax At =1/8)Ax 
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A. E. SCHEIDEGGER—MATHEMATICAL MODELS OF SLOPE DEVELOPMENT 


TasLe 4.—DEVELOPMENT OF AN ENDOGENETICALLY DECREASING SLOPE 


a 10 20 30 50 70 90 110 

0.00 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.02 0.00843 0.00244 0.00069 0.00005 0.00000 0.00000 0.00000 
0.04 0.02844 0.01193 0.00436 0.00063 0.00007 0.00000 0.90000 
0.06 0.05636 0.02644 0.01298 0.00282 0.00047 0.00005 0.00000 
0.08 0.08817 0.04637 0.02525 0.00730 0.00175 0.00028 0.00003 
0.10 0.12082 0.06992 0.04087 0.01404 0.00432 0.00099 0.00017 
0.12 0.15350 0.09560 0.05895 0.02276 0.00827 0.00246 0.00057 
0.14 0.18618 0.12221 0.07903 0.03318 0.01349 0.00497 0.00141 
0.16 - 0.21887 0.14880 0.10023 0.04503 0.01984 0.00795 0.00279 
0.18 0.25155 0.17551 0.12189 0.05800 0.02714 0.01186 0.00472 
0.20 0.28423 0.20221 0.14369 0.07177 0.03525 0.01641 0.00715 
0.22 0.31691 0.22892 0.16551 0.08601 0.04400 0.02152 0.01001 
0.24 0.34960 0.25562. 0.18732 0.10005 0.05320 0.02707 0.01325 
0.26 0.38218 0.28233 0.20915 0.11502 0.06268 0.03298 0.01681 
0.28 0.40600 0.30885 0.23096 0.12958 0.07232 0.03913 0.02062 
0.30 0.40851 0.32959 0.25248 0.14414 0.08201 0.04543 0.02461 
0.32 0.40854 0.33363 0.26870 0.15864 0.09173 0.05179 0.02872 
0.34 0.40854 0.33380 0.27246 0.17208 0.10141 0.05819 0.03290 
0.36 0.40854 0.33380 0.27273 «0.17993 0.11066 0.06458 0.03710 
0.38 0.40854 0.33380 0.27273 0.18182 0.11760 0.07030 0.04131 
0.40 0.40854 0.33380 0.27273 0.18206 0.12064 0.07601 0.04543 
0.42 0.40854 0.33380 0.27273 0.18207 0.12141 0.07890 0.04906 
0.44 0.40854 0.33380 0.27273 0.18207 0.12154 0.07987 0.05144 
0.46 0.40854 0.33380 0.27273 0.18207 0.12156 0.08008 0.05245 
0.48 0.40854 0.33380 0.27273 (0.18207 0.12156 0.08011 0.05274 
0.50 0.40854 0.33380 0.27273 0.18207 0.12156 0.08012 0.05280 
0.52 0.40854 0.33380 0.27273 0.18207 0.12156 0.08012 0.05280 


fects, simply by introducing an additional 
function F into the basic differential equation 
(4.1). The latter then becomes: 


Oy dy\? 
i+ (52) @+F. (5.1) 
Many possibilities exist for the choice of F. 
If F were simply taken as a constant, no sig- 
nificant effect on the curves calculated earlier 
would be obtained. To get any reasonable re- 
sults, it is therefore necessary to assume that F 
is a function of x and y and thus to set 


F = F (x,y). (5.2) 


In the present connotation, two cases were 
investigated. In the first case we assumed an 
endogenetic decrease of the slope and therefore 
set: 


F = — const. y. (5.3) 
Only the possibility 
Ox (5.4) 


has been analyzed because the corresponding 
model of degradation appears to be the most 
reasonable one. Using (5.3) would presumably 
give a good picture of a body of mass (such as 
a volcanic island rapidly thrown up) sinking 
because of the action of isostasy. The speed of 
sinking is then proportional to the height of 
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Ficure 15.—DeEvELOPMENT OF AN ENDOGENETICALLY 
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EFFECT OF ENDOGENETIC PROCESSES ON SLOPE DEVELOPMENT 


Taste 5.—DEVELOPMENT OF AN ENDOGENETICALLY INCREASING SLOPE 


oe 10 20 40 50 60 
0.00 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.02 0.01141 0.00464 0.00193 0.00079 0.00032 0.00013 
0.04 0.03794 0.01989 0.01123 0.00634 0.00348 0.00181 
0.06 0.07610 0.04487 0.02894 0.01923 0.01274 0.00822 
0.08 0.12190 0.07848 0.05422 0.03912 0.02861 0.02079 
0.10 0.17042 0.11995 0.08647 0.06543 0.05061 0.03931 
0.12 0.21917 0.16841 0.12534 0.09776 0.07831 0.06336 
0.14 0.26793 0.22256 0.17051 0.13587 0.11144 0.09264 
0.16 0.31669 0.28073 0.22174 0.17958 0.14979 0.12691 
0.18 0.36545 0.33958 0.27868 0.22874 0.19325 0.16605 
0.20 0.41421 0.39901 0.34088 0.28323 9.24170 0.20992 
0.22 0.46297 0.45844 0.40763 0.34294 0.29506 0.25845 
0.24 0.51173 0.51788 0.47774 0.40772 0.35325 0.31157 
9.26 0.56047 0.57732 0.54963 0.47741 0.41623 0.36923 
0.28 0.60288 0.63676 0.62203 9.55179 0.48392 0.43138 
0.30 0.60944 0.69607 0.69448 0.63051 0.55626 0.49798 
0.32 0.60950 0.74031 0.76693 0.71303 0.63318 0.56899 
0.34 0.60950 0.74295 0.83938 0.79850 0.71461 0.64438 
0.36 0.60950 0.74297 0.90148 0.88582 0.80045 0.72411 
0.38 0.60950 0.74297 0.90567 0.97394 0.89054 0.80816 
0.40 0.60950 0.74297 0.90568 1.06111 0.98469 0.89649 
0.42 0.60950 0.74297 0.90568 1.10402 1.08262 0.98906 
0.44 0.60950 0.74297 0.90568 1.10456 1.18387 1.08582 
0.46 0.60950 0.74297 0.90568 1.10456 1.28716 1.18674 
0.48 0.60950 0.74297 0.90568 1.10456 1.34700 1.29173 
0.50 0.60950 0.74297 0.90568 1.10456 1.34777 1.40072 
0.52 0.60950 0.74297 0.90568 1.10456 1.34777 1.51136 
0.54 0.60950 0.74297 0.90568 1.10456 1.34777 1.62360 
0.56 0.60950 0.74297 0.90568 1.10456 1.34777 1.64452 
0.58 0.60950 0.74297 0.90568 1.10456 1.34777. 1 64454 
0.60 0.60950 0.74297 0.90568 1.10456 1.34777 1.64454 


the mass above a certain base level; this is ex- 
pressed by Equation (5.3). 

The present case has been solved on the 
electronic computer, starting with the usual 
original slope bank shown in Figure 11. The 
time steps, at the beginning at least, had to be 
chosen as follows: 


At = Ax/8 (5.5) 


which corresponds to Equation (4.19), since 
the characteristics are the same as in (4.14). 
The constant in (5.3) was chosen equal to 16; 
thus: 


F = —16y. (5.6) 


The results obtained in this manner are shown 
graphically in Figure 15 and numerically in 
Table 4. 

The second case investigated in the present 


study corresponds to that analyzed above, but 
with a reversed sign. Thus we set 


F = l6y. (5.7) 
This yields a slope whose height is increasing; 
the endogenetic rate of increase is proportional 
to the height already reached. This may cor- 
respond to conditions obtaining in recent oro- 
genetic belts that are still active. At the be- 
ginning, one could take the same time steps as 
in (5.5), but as the calculation went along, 
these had to be shortened to fulfill the condi- 
tions for stability imposed by the character- 
istics. Of course, only the possibility for ¢ rep- 
resented by (5.4) was considered. The results 
obtained are shown graphically in Figure 16 
and numerically in Table 5. In these presenta- 
tions, time is measured in units As, as given 
in (5.5), although the steps, as mentioned 
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48 A. E. SCHEIDEGGER—MATHEMATICAL MODELS OF SLOPE DEVELOPMENT 
above, were shortened in the latter stages of \7 
the computation. 2 
The results show that the superposition of an 16 
endogenetic displacement apparently does not 
: materially affect the character of the slope pro- 15 
nar files that will develop. An originally straight INCREASING SLOPE } 
Bene slope bank will essentially become concave at 
the toe and convex at the head; the toe will be 14P At= (1/8) Ax an 
much broader than the head. This is somewhat Ah= I6y dt fl 
at variance with the ideas of Penck (1924), 1.3 
who postulated that ‘‘waxing” and ‘‘waning”’ | | 
developments would lead to characteristically 12 . 
different slope forms. However, whereas the // 
third model of slope development without the ‘i 40 
interference of endogenetic effects (embodied 
in the differential equation 4.14) is probably | 
substantially correct, the particular choice of 10 
the function F in (5.6) and (5.7) is probably - 
too oversimplified. Further experimentation 09 
with other possibilities might yet produce 
Penck’s slope types and thereby ascertain the 08 
physical conditions that produce them. 20 
6. CONCLUSION o7 Hf. 
Each theoretical model of slope formation / | 10 
proposed in this paper is the result of particu- 06 7 
lar, specific physical conditions. If the various Hi 
results be compared with actual slopes ob- 05 + 2 
served in nature, then such a comparison will | | 
provide a means to ascertain the true physical 04 | 
conditions that have caused the observed slope. /, 
The task of observation of slopes falls in the “ fj 
domain of field geomorphology, a branch of = Y) 
the earth sciences with which the writer is not Wi 
very familiar. He hopes, therefore, that people 0.2 
qualified to do this will search for the various 
types of slopes and make the proper compari- 0.1 
sons. 
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Ficure 16.—DeveLopMENT OF AN ENDOGENETICALLY 
INCREASING SLOPE 
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FAULT" : 
a8 gtenas Line labeled ‘‘San Andreas fault” represents the 1906 fault trace; the fault-zone trace, ° 


not shown, borders this line and encloses most or all of the Bolinas Merced. Marine Pliocene 
deposits west of the fault trace south of San Francisco are not shown. Geologic data in 
. Palo Alto area from Branner, Newson, and Arnold (1909); type Merced and Bolinas Merced 


areas from Lawson (1914), modified by Higgins (this paper); Sebastopol ‘‘Merced” chiefly 
from Johnson (1943, p. 624); Ohlson Ranch area from Higgins (1960). 


Dashed bands show areas that may or may not have been submerged during Pliocene time. 
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AS FAULT NORTH OF PALO ALTO, CALIFORNIA 


a Bands of dots and of wavy lines show areas adjacent to the fault trace north of San — 
of Francisco that appear to have been below sea level during middle or late Pliocene time. 
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CHARLES G. HIGGINS Dept. of Geology, University of California, Davis, Calif. 


San Andreas Fault 


North of San Francisco, California 


Abstract: North of San Francisco the width of the 
San Andreas fault zone is difficult to determine. 
failure to recognize slivers within this zone ap- 
prer*’ ‘ed some earlier writers to false conclu- 
sons about stratigraphic relationships along parts 
of the fault trace. 

Previous authors’ statements that cumulative 
right-lateral displacement along the San Andreas 
fult measures hundreds of miles since Jurassic time 
ae based chiefly on alleged stratigraphic relation- 
ships south of San Francisco. Attempts to relate 
amounts of displacement along the fault south of 
San Francisco to amounts north of San Francisco 
fand vice versa) may be invalidated by possible 
distribution of San Andreas movement along one 
or more other faults that may branch from or cross 
the San Andreas fault north of San Francisco. 


North of San Francisco the San Andreas fault was 
active before middle Pliocene time, but as yet the 
evidence seems insufficient to allow determination 
of either the type or amount of pre-middle Pliocene 
displacement. Present positions on opposite sides 
of the fault trace of areas that appear to have been 
marine entrances to middle Pliocene basins east of 
the fault trace suggest that right-lateral displace- 
ment along the San Andreas fault north of San 
Francisco has not exceeded 15 miles, more likely 
has amounted to 4 to 10 miles, and possibly has not 
exceeded 1 to 114 miles since middle Pliocene time. 
During the same time, vertical movements have 
raised the east side of the fault about 500 feet rela- 
tive to the west side in some areas, possibly every- 
where north of Bolinas. 
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Nature of the San Andreas fault north of San Post-middle Pliocene vertical displacement .. 67 
Relative displacement along the San Andreas fault 
_ north of San Francisco... 57‘ Figure 
1. Trace of the San Andreas fault in California. . 52 
P 2. San Andreas fault-zone trace near Fort Ross, 
Displacements of pre-Pliocene strata. . . . . 60 California 53 
and amociated 60 > Geologic map of Bolinas, California, and vicinity 54 
P 4. Landslides near Mussel Rock, south of San 
urassic-Cretaceous Franciscan group . . . . 60 56 
Upper Cretaceous Gualala formation . . . . 60 5. Alignment of middle Pliocene marine-basin 
Pre-Plidcene Testiary rocks... ..4..... 60 
entrances and seaways north of San Fran- 
teral displacemenis of Pliocene strata and cisco before hypothetical right-lateral dis- 
Pliocene strata near the San Andreas fault . . 60 placements along the San Andress fault. . 64 
Isolation of the Pliocene basins. . . . . . . 61 


Pliocene seaways west of the San Andreas fault 62 
Pliocene land areas west of the San Andreas 


Plate 
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Alignment of Pliocene basins and seaways . . 65 Facing Page 51 
Rock north to Fort Ross the fault trace lies 
INTRODUCTION 


Southeast of Mussel Rock, south of San 
Francisco, the San Andreas fault trace lies en- 
tirely inland and is said to have been traced to 
the Mexican border (Fig. 1). From Mussel 


offshore, except where it cuts off Point Reyes 
peninsula, between Tomales and Bolinas bays, 
and crosses Bodega Head peninsula. From Fort 
Ross it has been traced northwestward along 
the Gualala and Garcia valleys to the mouth 
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of Alder Creek, north of Point Arena, where 
it disappears beneath the Pacific Ocean. Except 
for a zone of disruption that appeared during 
the 1906 earthquake 75 miles farther north, in 
Humboldt County, there is no evidence that 
the main San Andreas fault trace intersects the 
coast north of Alder Creek. 

Despite great interest in the San Andreas 
fault, the portion north of San Francisco has 


POINT ARENA 
FORT ROSS 


_-PALO ALTO 


100 MILES 


SAN FRANCISCO 
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correct had he written ‘‘the 1906 fault” ip- 
stead of ‘‘the Rift.” The fault zone near Fort 
Ross is more than a thousand feet wide and js 
composed chiefly of Franciscan blocks and 
slivers. Only Franciscan rocks are exposed east 
of the fault-zone trace, and only Cretaceous 
Gualala formation rocks are exposed west of it 
(Weaver, 1944, p. 5; Bowen, 1951, p. 323), 
The 1906 line of surface disruption, hereinafter 


/POINT REYES PENINSULA 


Figure 1.—Trace oF THE SAN ANDREAS FAULT IN CALIFORNIA 
(After Hill and Dibblee, 1953, Pl. 1) 


been little studied. The following discussion is 
based on available literature and my own field 
work in the region, from 1952 to 1958. 


NATURE OF THE SAN ANDREAS 
FAULT NORTH OF SAN FRANCISCO 


Much confusion in the literature about 
stratigraphic relationships across the fault trace 
stems from the failure of earlier authors to dis- 
tinguish clearly between the fault zone and the 
fault surface or surfaces along which displace- 
ment occurred during the 1906 earthquake. 
For example, H. W. Fairbanks’ statement (in 
Lawson et al., 1908, p. 27) that ‘‘the Rift, for 
something more than a mile after emerging 
from the ocean southeast of Fort Ross, lies in 
the Franciscan formation,’’ would have been 


called the 1906 fault trace, lies near the east 
side of the fault-zone trace (Fig. 2); Fairbanks 
evidently mistook Franciscan blocks in the 
fault zone for bedrock west of the fault proper. 

A similar situation exists in the Bolinas area. 
There, Pliocene Merced strata lie chiefly west 
of the 1906 fault trace, but in a few places 
fossiliferous Merced sandstone is exposed east 
of this line (Fig. 3). Lawson (1914, Tamalpais 
quadrangle) used too narrow a band to repre- 
sent the fault-zone trace and drew this band 
along the 1906 fault trace; hence his map shows 
a small area of Merced strata east of the band 
that he drew. 

Although it is dificult to establish the 
boundaries of the fault zone near Bolinas, it is 


clear that a wide belt there has been affected 
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by fault movements. Half a mile northwest of 
Bolinas, Merced strata seem to rest uncon- 
formably on shales of the Miocene Monterey 
formation, but in several other places the 
Merced-Monterey contact is faulted, as, for 
example, in the sea cliff at Bolinas. Small sag 
ponds occur throughout the area underlain by 
Merced strata; such ponds are well shown on 
both sides of the Merced-Monterey contact on 
a hilltop 0.7 mile west of the head of Bolinas 
Lagoon. Hence at least part, and possibly all, 
of the Merced strata west of the 1906 fault 
trace should be regarded as a series of slivers 
within the zone affected by San Andreas fault 
movements. 

The nature of the eastern boundary of the 
Merced strata near Bolinas is even more ob- 
scure. Some of the rocks that Lawson mapped 
as Merced or as ‘‘Conglomerate, possibly 
Knoxville formation” are poorly consolidated 
coarse sandstones and conglomerates containing 
abundant wood fragments and_ resembling 
fluvial deposits (Fig. 3). A contact between 
these deposits and near-by fossiliferous Merced 
sandstones is nowhere exposed. Merced sand- 
stones are better sorted and contain better- 
rounded pebbles and fewer wood fragments 
than do the fluvial(?) deposits. Mica fragments 
in the Merced are fresh, whereas those in the 
fluvial(?) deposits are crumpled and altered. 
Although these two formations may have been 
contemporaneous facies, the marine Merced 
having been derived from Miocene and older 
rocks to the west and the fluvial(?) deposits 
having been derived from Franciscan rocks to 
the east, the fluvial(?) deposits are more likely 
terrace and alluvial deposits that postdate the 
Merced and overlie its eastern edge. If so, the 
anomalous course of Pine Gulch Creek could 
be attributed to superposition from a blanket 
of these alluvial deposits. 

Slight folding and faulting of the fluvial(?) 
deposits is evident in road cuts at the head of 
Bolinas Lagoon, where the formation rests un- 
conformably on the Franciscan. In several 
places farther northwest, the formation is 
faulted against the Franciscan. In other places 
it may be faulted against the Merced as well. 
This deformation is doubtless related to move- 
ment along the San Andrea fault; hence the 
zone affected by faulting extends at least half a 
mile east of the 1906 fault trace. Several con- 
spicuous shear zones and sheared masses of 
Franciscan rocks that occur with Merced strata 
east of the 1906 fault trace about 2 miles north- 
west of the head of Bolinas Lagoon (Fig. 3) 
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suggest that the Merced occurs there as blocks 
or slivers within the fault zone. In short, what- 
ever the relationship between the Merced 
strata and the fluvial(?) deposits, Merced strata 
do not occur east of the San Andreas fault zone 
in the Bolinas area. 

Lawson (1914, San Mateo quadrangle) also 
mapped the Merced formation on both sides of 
the San Andreas fault trace near Mussel Rock. 
There, however, it is not a wide fault zone that 
has caused confusion, but several large land- 
slides (Fig. 4). 

West of the 1906 fault trace near Mussel 
Rock, Merced formation sandstone and lime- 
stone are exposed throughout most of the area 
that Lawson mapped as underlain by Merced. 
Nowhere in this area, however, can any Merced 
be shown to be in place, and the hummocky 
topography there clearly testifies to repeated 
slumping and sliding. In early 1959 the nearly 
horizontal sole of one large landslide was well 
exposed a few feet above beach level for 50 to 
100 feet along the base of the sea cliff just 
north of Mussel Rock.’ Farther north the sole 
apparently lies below beach level. Lawson 
(1914, San Mateo quadrangle structure sec- 
tions) seems to have interpreted the contact 
between the sole and the overlying, nearly 
horizontal Merced strata as an unconformity. 
However, where exposed, the material on 
which the Merced rests is Franciscan fault 
gouge containing fragments of serpentine and 
Merced sandstone that appear to have been 
rounded by squeezing, snubbing, and milling 
at the base of the slide. Locally, this material 
projects upward into fractures in the Merced 
strata. Higher Merced strata, although poorly 
exposed, appear to be nearly flat-lying, which 
suggests that the slide moved as a unit. 

This slide is bordered on the southwest by a 
mass of fault gouge like that on which the slide 
rests. The gouge zone trends $.35°-40°E. from 
the beach immediately east of Mussel Rock to 
the coast road. It is only a few feet wide in the 
road cut, but thickens seaward so that it is 20- 
30 feet wide just below the road. The contact 
between the gouge and the Merced sandstone 
to the northeast is nearly vertical. In July 1960, 
excavations in the southwest edge of the gouge 
zone below the road exposed a sharp but un- 
dulating contact between the gouge and un- 
consolidated cross-bedded Pleistocene(?) dune 


1 By July 1960 this and many of the other features 
described here had been buried or dug away by earth- 
moving equipment. 
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LANDSLIDE 
1906 SAN ANDREAS FAULT TRACE 


Ficure 4.—Lanpsyipes Near Musser Rock, Soutn oF SAN Francisco, CALIFORNIA 


Except in the landslides the Merced formation (Tm) occurs only east of the 1906 San Andreas fault trace whereas 
the Franciscan formation (Jf) crops out only west of it. Slide boundary near Mussel Rock was mapped by Higgins 
in 1959; long line representing the 1906 fault trace was copied from Lawson (1914) and Lawson et al. (1908, Atlas, 
Map No. 4). Boundaries of fault zone not mapped. Base map traced from U. S. Geological Survey San Francisco 
South quadrangle, 1956 edition. Contour interval 100 feet. 


sand. In one place this contact strikes east-west southeast of Mussel Rock also seem to have 
and dips 30°N.; in other places it is nearly been displaced by one or more slides. 

vertical or nearly horizontal. The features of Fossils collected from three localities in the 
this contact and of the gouge zone as exposed _ landslide area near Mussel Rock led Glen (1959) 
by the 1960 excavations are too complex to to conclude that the Merced at these localities 
describe here, but most of them can be at- is older than that east of the fault. However, a 
tributed either to lateral shearing along a fault difference in ages does not prove that the for- 
or, better, in view of the local low dip of the — mation has been displaced by the fault. Glen’s 
contact and the undisturbed bedding of the fossil localities east of the fault are so situated 
underlying dune sands, to squeezing up of (some of them are also in slides) as to suggest 
older fault gouge along the edge of a massive }=— >——— 
slide.” If the latter interpretation is correct, then 
all the Merced strata along the beach from 
Mussel Rock northward to the 1906 fault trace 


2 When thoroughly wet, the gouge, as well as some 
of the serpentine it contains, has the consistency of 
toothpaste. In July 1960, M. G. Bonilla, E. A. Pessagno, 
and I saw this material oozing onto the beach at the 


have been displaced from their or iginal Position hase of a small flow and reproducing structures exactly 
by a great slide or series of small slides. The like some of those exposed by the excavations in the 
Merced strata west of the 1906 fault trace drier parts of the gouge zone higher in the cliff. 
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that the lower 400 or 500 feet of the Merced 
section east of the fault was not sampled. Hence 
the strata in the slide could have been derived 
from a horizon east of the fault but strati- 
graphically lower than any that Glen sampled 
there. 

Since the slides discussed above appear to 
have headed east of the 1906 fault trace, all 
the Merced strata in the slides may have been 
derived from east of the fault. The gouge on 
which the slides moved may have come from 
the San Andreas fault zone itself since no other 
shear zones have been identified west of the 
San Andreas in this area and since the Fran- 
ciscan rocks in the gouge are unlike those ex- 
posed west of the fault immediately south of 
the landslide area (M. G. Bonilla, personal 
communication). Moreover, in early 1959, I 
found what seemed to be Franciscan bedrock 
ina small area just west of the 1906 fault trace 
and about 2000 feet east-southeast of Mussel 
Rock (Fig. 4). If this was actually bedrock and 
not just a sliver in the fault zone—re-examina- 
tion is now virtually impossible because the 
area has since been covered by streets and 
houses—then all the Merced that is now west 
of the San Andreas fault-zone trace in this area 
must originally have been east of it. 

The preceding exposition on Merced-Fran- 
ciscan relationships near Mussel Rock—which 
is south of rather than north of San Francisco 
—is included here for two reasons: first, it illus- 
trates the kind of stratigraphic confusion pro- 
duced by slides along many parts of the San 
Andreas fault trace farther north, and second, 
it lays part of the foundation for my conten- 
tion that, with the present state of our knowl- 
edge, relative positions of the Bolinas Merced 
and type Merced strata cannot be used in 
making sound inferences about post-Pliocene 
displacement along the fault. 

The zone affected by faulting near Mussel 
Rock is fairly wide, as it is elsewhere along the 
San Andreas. Franciscan rocks in the fault zone 
are greatly brecciated and sheared as evidenced 
by the fault gouge on which the great landslide 
slipped. East of the 1906 fault trace, however, 
Merced strata appear to be but slightly de- 
formed, although sag ponds and depressions 
testify to minor dislocations, presumably re- 
lated to movements within the fault zone. In 
this respect the Merced strata are similar to 
Pliocene strata farther north, in western 
Sonoma County, where, in many places, Plio- 
cene rocks are unaffected by a near-by fault 
except at the fault surface itself, whereas Fran- 


ciscan rocks underlying the Pliocene on one 
side and faulted against it on the other are 
thoroughly sheared for some distance on both 
sides of the fault surface. This shows that the 
Pliocere strata were broken by renewed move- 
ment on faults that had been strongly active in 
pre-Pliocene time. Similarly, the relationship 
of relatively undeformed Merced strata to 
strongly deformed Franciscan rocks near Mus- 
sel Rock, and to strongly deformed Franciscan 
and Miocene rocks in the Bolinas area, shows 
that post-Merced dislocation resulted from re- 
newed activity along an older fault zone. 

This activity has not been confined to the 
1906 fault surface. At Bolinas and elsewhere 
along the fault trace north of San Francisco, 
recent faulting (evidenced by depressions and 
sag ponds) has affected a wide belt bordering 
the 1906 fault trace. Between Fort Ross and 
Point Arena, for example, numerous small 
ponds and depressions on the rolling summit 
of the ridge west of the 1906 fault trace could 
only have been caused by small dislocations 
along faults that are either part of, or closely 
related to, the San Andreas. Yet most of these 
depressions are at least half a mile southwest of 
the 1906 fault trace. 

That the fault is not a single surface, but a 
group of parallel and branching surfaces, com- 
plicates study of the fault north of San Fran- 
cisco. Alluvium, landslides and slumps, dense 
vegetation, and extensive shearing and weather- 
ing of the material in the fault zone prevent 
positive identification of individual faults with- 
in the zone or even of the zone’s boundaries. 
For the same reasons it is generally difficult or 
even impossible to determine which individual 
faults within the zone were active during any 
particular interval of geologic time. It is clear, 
however, that movement along the fault, in 
both pre- and post-Pliocene times, has not been 
restricted to the surface marked by the 1906 
fault trace. It is even questionable whether the 
major part of post-Pliocene dislocation oc- 
curred along this surface. 


RELATIVE DISPLACEMENT ALONG 
THE SAN ANDREAS FAULT 
NORTH OF SAN FRANCISCO 


Historical Review 

With increasing frequency, students of the 
San Andreas fault have suggested that it has 
produced cumulative right-lateral displace- 
ments of great magnitude. Although this con- 
cept is based chiefly on alleged stratigraphic 
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relationships along the fault trace south of San 
Francisco, it has been claimed to be valid for 
the entire fault. Hence the history of this con- 
cept is sketched below as background for dis- 
cussion of the fault north of San Francisco. 

Lawson et al. (1908) recognized that the San 
Andreas fault had acted as a right-lateral strike- 
slip fault during the 1906 earthquake. One re- 
sult of this observation was the proposal of the 
elastic-rebound theory, which holds that the 
ocean side of the fault is constantly drifting 
northwestward with respect to the continental 
side, and that the resulting strain is periodically 
relieved by slippage along the fault. By 1947, 
repeated surveys of triangulation stations in the 
San Francisco Bay area showed changes of 
station positions that could be accounted for 
by northwestward movement of the area west 
of the fault at a rate of about 5 cm per year 
since 1880 (Whitten, 1948, p. 318). It was gen- 
erally concluded that this movement was not 
the result of periodic, sudden displacements on 
the San Andreas and neighboring faults, since 
no strong earthquakes had been recorded on 
any of the faults in the bay area between the 
1922-1924 and 1947 resurveys. Tocher et al. 
(1959) recently reported slow, nearly continu- 
ous right-lateral shearing of the ground be- 
neath a warehouse [winery] in the San Andreas 
fault zone at Hollister, California. This obser- 
vation suggests that strain along the fault is 
relieved by slow creep as well as by periodic 
sharp movements. 

While geodesists and seismologists sought 
causes and proof of modern right-lateral dis- 
placement along the fault, geologists searched 
for conclusive evidence that right-lateral move- 
ments had occurred persistently in the geo- 
logic past. At first, offset stream courses were 
cited as evidence of this, but such evidence can 
show only relatively small displacements be- 
cause it is rarely possible to prove that two 
stream segments were once continuous if they 
are now separated more than a mile or two. 
Eventually, geologists studying the fault in 
southern California, especially north of Los 
Angeles, found some Pleistocene and Tertiary 
sediments on one side that they thought could 
be correlated with other Pleistocene and Ter- 
tiary sediments some distance away on the 
other side. 

Noble (1926, p. 420) was one of the first to 
suggest that right-lateral displacements on the 
fault may have aggregated many miles since 
late Tertiary time. His most recent opinion 
(1954) is that an offset of 30 to 35 miles may 
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have developed along the fault on the north 
side of the San Gabriel Mountains since late 
Miocene or early Pliocene time. He based this 
figure on minimum displacement of the hypo- 
thetical source area of the lower Pliocene 
Anaverde formation and on what he believed 
to be displaced equivalent facies of the upper 
Miocene Punchbowl formation. However, he 
cautioned (1954) that ‘‘The record of move- 
ments on the San Andreas fault is fairly plain 
in the youngest formations and becomes pro- 
gressively more obscure in older formations.” 

Wallace studied the same area but thought 
that the problem of the Anaverde source might 
be explained in other ways. He also pointed out 
that offset of the Pelona schist suggests lefi- 
lateral displacement of 9 miles (1949, p. 802), 
and concluded (p. 803) that ‘‘Nothing older 
than the offset of terrace deposits of probabie 
late Pleistocene or early Recent age can he 
attributed with any certainty to strike-slip 
along the rift.” 

Similar cautious statements, based on ap- 
parent offset of possibly correlative rock facies, 
topographic features, and transverse faults, ap- 
peared in the literature from time to time until 
Hill and Dibblee (1953) introduced the bold 
concept that right-lateral displacement on the 
San Andreas fault has averaged 0.2 to 0.3 inches 
per year since Jurassic time. They suggested 
(1953, p. 446-449) that displacement may have 
amounted to about 65 miles since late Miocene 
time, 175 miles since early Miocene time, 225 
miles since late Eocene time, 320 miles since 
late Cretaceous time, and possibly 350 miles 
since late Jurassic time. Some of these figures 
were derived from statements by previous 
writers, but most were based on new, specu- 
lative correlations of strata on different sides 
of the fault trace, chiefly southwest of Bakers 
field. 

Hill and Dibblee (1953, p. 449) admitted 
that their conclusions were ‘‘both speculative 
and qualitative,” but felt that they would 
justify further stratigraphic and_ structural 
study. These conclusions, but none of the evi- 
dence cited to support them, were later quoted 
by Moody and Hill, who added (1956, p. 1216) 
that ‘‘Recent detailed work at several localities 
along the fault substantiates the contention 
that movement can be measured in tens of 
miles since upper Miocene time and hundreds 
of miles since Jurassic time.’”” What or where 
this work was, or who performed it, was not 
specified. 

Curtis, Evernden, and Lipson (1958, p. 3) 
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suggested that “‘A displacement of at least 300 
miles along the San Andreas fault appears to 
have occurred since late Upper Cretaceous 
time.” This statement was based chiefly on the 
grounds that potassium-argon dates of central 
Coast Range intrusive rocks appear to be in- 
consistent with the stratigraphy ot Jurassic and 
Cretaceous Coast Range sedimentary rocks. 
Later, Hall (1959) reported that late Miocene 
isotherms, determined from Coast Range 
molluscan faunas, appear to be displaced at 
least 50 miles, and possibly as much as 150 
miles, along the fault. 

In short, there is a growing body of opinion, 
based on several diverse although not entirely 
conclusive lines of evidence, that large-scale 
cumulative lateral displacements have oc- 
curred all along the San Andreas fault. In' view 
of this, it is well to recall Reed’s admonition 
(1933, p. 12): 

“Tf the nature of this fault is ever elucidated, the 
explanation will probably come from a working out 
of the historical events that have occurred in its 
vicinity during Cretaceous and later time, and their 
relations to those of adjoining regions. It will prob- 
ably not come from reconnaissance examinations 
ofa part or all of it, or from speculations about the 
possible mechanical principles involved.” 


The authors of the papers noted above have 
dealt chiefly with features and parts of the fault 
south of San Francisco. In generalizing about 
the behavior of the whole fault from features 
of only part of it, they have assumed, perhaps 
unwittingly and possibly incorrectly, that the 
fault is a single unit, without branches, either 
now or in the past, and that the history of dis- 
placement on any part of it is the same as on 
any other part of it. | am not sure that this is a 
valid assumption and so shall confine my re- 
marks about the fault to that part of it be- 
tween San Francisco and Point Arena. Even 
this segment of the fault is not a wholly satis- 
factory unit for study, since more than one- 
third of it lies underwater. Moreover, as dis- 
cussed below, the fault may branch or may 
cross at least one other fault along this segment. 


Recent Displacements 


Roads, fences, and other linear features dis- 
tupted during the 1906 earthquake were all re- 
ported to have been offset toward the north on 
the west side of the fault. Lawson et al. (1908) 
found maximum horizontal offset of 21 feet— 
a figure repeated so frequently that it has at- 
tained classic status—of a road at the head of 
Tomales Bay, 28 miles northwest of San Fran- 


cisco. However, this offset was on a surface of 
deep alluvium, and the actual maximum hori- 
zontal bedrock offset there may not have been 
more than half of the surface offset. Elsewhere 
along the fault trace, most surface offsets as- 
sociated with the 1906 earthquake did not ex- 
ceed 10 or 11 feet. 

None of the anomalous stream courses, such 
as that of Pine Gulch Creek, near the fault 
trace in the Bolinas-Point Reyes area gives 
unequivocal evidence of lateral displacement. 
The courses of most streams along the Fort 
Ross-Point Arena segment of the fault trace 
can best be attributed to deflection by earth- 
flows, landslides, or slivers that have moved 
vertically within the fault zone, or to struc- 
tural control by elements within the fault zone. 
The only stream offsets that might be at- 
tributable to lateral displacements along the 
fault are those near Fort Ross. 

The lower part of Mill Gulch appears to 
have been offset 300 to 400 feet to the north- 
west where it crosses the 1906 fault trace 1.5 
miles southeast of Fort Ross (far right, Fig. 2). 
This valley is incised into a marine terrace, 150 
feet above sea level, that F. H. Bauer (1952, 
M.A. thesis in Geography, Univ. California, 
Berkeley, p. 268) tentatively dated as Afton- 
ian.* If the two headless valleys to the north- 
west represent older lower courses of Mill 
Gulch, right-lateral displacement along the 
fault there may have aggregated as much as 
2500 feet since early(?) Pleistocene time. 
Another valley incised into the terrace, half a 
mile southeast of Fort Ross, may be a still 
older lower course of Mill Gulch; if so, it has 
been displaced 1 mile. However, its original 
headwaters may well have been those that still 
serve it; in this case, it has been displaced about 
2000 feet. Or, as noted below, this valley may 
once have been the lower course of Fort Ross 
Creek. 

The lower part of Fort Ross Creek may have 
been displaced about 2500 feet to the north- 
west (Fig. 2). On the other hand, this creek 


3 Bauer based this date chiefly on the degree of 
weathering and on the assumption that marine terraces 
are eroded during interglacial periods. He dated three 
lower terraces as interstadial Wisconsin, Sangamon, and 
Yarmouth (1952, M.A. thesis in Geography, Univ. of 
California, Berkeley, p. 265-267), Recent attempts to 
date marine terraces elsewhere have shown that even 
the lowest now exposed are too old to be determinable 
by carbon-14 dating methods (Bradley, 1956, p. 676- 
677), suggesting that Bauer’s tentative terrace ages are 
at least of the right magnitude. 
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may once have flowed through the valley half 
a mile southeast of Fort Ross, and been di- 
verted to its present course by uplift of a 
block within the fault zone. To cloud the issue 
further, the present courses of both Mill Gulch 
and Fort Ross Creek suggest that there has 
been slight /eft-lateral displacement along the 
southwest part of the fault zone (note stream 
offsets along the southwesternmost of the two 
heavy solid lines in Fig. 2). On the whole, 
evidence for lateral displacement of stream 
courses in this area is somewhat inconclusive. 


Displacements of Pre-Phiocene Strata 


Pre- Miocene quartz diorite and associated meta- 
morphic rocks. These rocks are restricted to 
Point Reyes peninsula and Bodega Head, west 
of the fault trace. Their relationship to the 
upper Cretaceous Gualala formation is un- 
known, except that Curtis, Evernden, and 
Lipson (1958), by the potassium-argon method, 
dated these or similar quartz diorites as late 
Cretaceous. According to the state geological 
map (Jenkins, 1938), the nearest similar rocks 
immediately east of the fault trace are south 
of Bakersfield. 

Jurassic-Cretaceous Franciscan group. With 
the possible exception of a ‘‘diabase’’ at Black 
Point (Weaver, 1944, p. 4), Franciscan rocks 
occur only east of the fault trace north of San 
Francisco. As yet there are no adequate grounds 
for correlating these strata with any Franciscan 
strata west of the fault trace anywhere else. 

Upper Cretaceous Gualala formation. The 
Gualala formation occurs only west of the fault 
trace, between Fort Ross and Point Arena. 
Other upper Cretaceous rocks crop out im- 
mediately east of the fault trace near Palo 
Alto, more than 80 miles southeast of Fort 
Ross, but have a faunal assemblage different 
from that of the Gualala formation (Branner, 
Newsom, and Arnold, 1909, p. 3; Weaver, 
1944, p. 16). Although Hill and Dibblee sug- 
gested (1953, p. 449) that Gualala strata might 
be correlated with Cretaceous strata in the 
Temblor Range, Gualala equivalents have not 
been positively identified immediately east of 
the fault trace anywhere in California. Curtis, 
Evernden, and Lipson (1958) and Rose (1959) 
have drawn mutually contradictory conclu- 
sions about the amount of post-upper Cre- 
taceous displacement along the San Andreas 
fault, based in part on the lithology and in- 
ferred source areas of the Gualala formation 
and other Coast Range upper Cretaceous sedi- 
ments. 

Pre-Pliocene Tertiary rocks. Oligocene(?) and 
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Miocene rocks occur west of the fault trace op 
Point Reyes peninsula and near Point Arena 
Units that may be equivalent to some of thes 
rocks are found near Carneros Creek, about 3) 
miles east-northeast of Point Reyes (Weaver, 
1949, Sonoma quadrangle). The nearest known 
rocks of this age immediately east of the fault 
trace are near Palo Alto (Branner, Newsom, 
and Arnold, 1909), 120 miles southeast of the 
southernmost outcrop near Point Arena. 

As yet, the known relationships of the pre 
Pliocene discussed above prove only that 
there ha,e been relative displacements of some 
sort along the fault. Apparently the relation- 
ships could have resulted either from a com 
plicated series of vertical displacements with 
intermittent complete removal of rock units 
from the east or west sides of the fault, or from 
lateral displacements with subsequent partial 
removal of rock units. 


Lateral Displacements of Pliocene Strata and 
Seaways 


Pliocene strata near the San Andreas fault, 
Plate 1A shows the distribution of Pliocene 
rocks along the San Andreas fault trace from 
Palo Alto to Point Arena. All the Pliocene 
units shown are marine except the Santa Clan 
formation, near Palo Alto. 

The Santa Clara formation is generally re 
ported to be late Pliocene to early Pleistocene. 
Deposition of each of the other Pliocene units 
seems to have begun at different times, con 
tinued (perhaps with interruptions) for differ 
ent lengths of time, and finally ceased at differ 
ent times. Deposition of the type Merced may 
even have continued into the early Pleistocene 
(Woodring, Stewart, and Richards, 1940, op 
posite p. 112). For these and other reasons, 
there is some disagreement in the literature 
about the ages of these formations. In the pres 
ent discussion, however, I shall assume that 
parts of them were synchronous: namely, that 
the lowermost type Merced and upper Puris 
ima (Durham, 1959), the Bolinas Merced 
(Martin, 1916, p. 230), part of the so-called 
“Merced formation” in the Sebastopol region’ 
(Weaver, 1949, p. 93-94), and part of the 


4 Many writers have called this unit ‘‘Merced forma 
tion” on the basis of its supposed correspondence to the 
type Merced, but its lithology and fossil assemblages are 
reported to be somewhat different from those of the 
type Merced. Furthermore, the two formations appeaf 
to have been deposited in separate basins. Hence, in 
this paper the name ‘‘Merced”’ is used in quotation 
marks wherever it is applied to the strata in the Sebasto- 
pol region. 
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Ohlson Ranch formation (Peck, 1960, p. 234- 
235) are all middle Pliocene. 

Isolation of the Pliocene basins. The Ohlson 
Ranch formation was deposited in a marine 
basin only slightly wider and longer than the 
area in which remnants of the formation are 
still preserved. This statement is based on the 
following evidence: 

Around the edges of Ohlson Ranch forma- 
tion remnants capping only parts of hilltops, 
exposed Franciscan rocks are only slightly de- 
composed. The thin covering soil contains 
numerous angular to subrounded, fairly fresh 
fragments of the underlying Franciscan rocks. 
In some places the soil also contains rounded 
pebbles and granules like those at the base of 
the near-by Ohlson Ranch formation. Where 
Franciscan glaucophane schist is exposed near 
Ohlson Ranch remnants, many of the schist 
blocks are rounded and smooth, with deep 
holes like those made by marine boring pele- 
cypods. On many of these hilltops, the erosion 
surface formed on the Franciscan rocks can 
clearly be traced beneath the nearby Ohlson 
Ranch strata with no change in character. In- 
deed, everywhere that the Ohlson Ranch- 
Franciscan contact is exposed, the surface of 
the underlying Franciscan rocks shows the 
features described. Hence it is clear that the 
Ohlson Ranch formation once covered the tops 
of these hills and has since been partially 
stripped away. I attribute the relative smooth- 
ness and freshness of the Franciscan surface 
underlying the Ohlson Ranch formation to 
shore-line erosion produced by the advancing 
Pliocene Ohlson Ranch sea. 

In many places around the margins of the 
area in which Ohlson Ranch remnants are still 
preserved, level or gently sloping surfaces like 
those described above occur on hilltops or on 
the spurs and lower slopes of ridges whose sum- 
mits rise above the general hilltop level. Al- 
though there may be no Ohlson Ranch rem- 
nants on these hilltops, spurs, and lower slopes, 
the character of the erosion surfaces—with thin 
soil containing numerous fresh Franciscan 
fragments and, in some places, with smoothed 
and bored blocks of glaucophane schist or with 
pebbles like those at the base of the Ohlson 
Ranch formation—and the general accordance 
of their elevations with elevations of not-too- 
distant Ohlson Ranch-Franciscan contacts sug- 
gest that these surfaces, too, were beveled by 
Pliocene wave action and buried beneath 
Ohlson Ranch strata. I hereinafter call these 
surfaces and other surfaces having the same 
characteristics ‘‘stripped surfaces.” 


Many of the stripped surfaces (as well as 
many that are still buried) around the margins 
of the area in which Ohlson Ranch remnants 
are preserved are backed by steep slopes that 
are Pliocene sea cliffs or fault scarps or both. 
With few exceptions, level or gently sloping 
summits of hills, spurs, and ridges that stand 
above these steep slopes and above the general 
level of the near-by Ohlson Ranch-Franciscan 
contact are quite different from the stripped 
surfaces. These summits are covered by deep 
soil. Rare rock fragments in the soil are either 
highly decomposed or are siliceous pebbles 
derived from Franciscan conglomerate. In the 
rare places where it is exposed, the Franciscan 
bedrock is thoroughly and deeply weathered. 
If these summits had ever been submerged be- 
neath the Pliocene sea, shore erosion would 
certainly have scoured off the weathered debris 
and produced surfaces like that on which the 
Ohlson Ranch formation was deposited. There- 
fore it is reasonable to conclude that these roll- 
ing ridgetop surfaces with deep soils were never 
submerged beneath the Ohlson Ranch sea. I 
hereinafter call these and similar summit sur- 
faces with deep, residual soil ‘‘subaerial sur- 
faces,” on the grounds that, whatever their 
pre-middle Pliocene history, they have stood 
above the sea at least since deposition of the 
Ohlson Ranch formation began, in middle 
Pliocene time. 

Subaerial surfaces surround the area in which 
Ohlson Ranch formation remnants are pre- 
served, except immediately east of the San 
Andreas fault trace and in a narrow corridor 
that extends southeastward from the area of 
Ohlson Ranch exposures toward the ‘‘Merced” 
basin in the Sebastopol region. This corridor is 
a belt of summits, lower than the summits 
bordering them on both sides, with surfaces 
that resemble the stripped surfaces described 
above. It is not known whether this corridor 
was ever completely submerged during Plio- 
cene time. However, even if it was submerged, 
and thus connected the Ohlson Ranch basin 
with the Sebastopol ‘‘Merced” basin, it is 
doubtful that it provided the only connection 
between the Ohlson Ranch basin and the sea. 
To have done so, this long narrow corridor 
would have to have been submerged during 
the entire Ohlson Ranch depositional interval. 
It is difficult to reconcile such long submergence 
with the absence of aay remaining traces of 
Pliocene sediments in the corridor or of ero- 
sional shore features along its edges. 

Therefore it is most reasonable to conclude 
that the Pacific Ocean entered the Ohlson 
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Ranch basin more directly, through a short pas- 
sage west of the basin. This passage may have 
been wide or narrow. Its maximum possible 
width immediately east of the San Andreas 
fault trace, inferred from distribution of Ohlson 
Ranch formation remnants, stripped surfaces, 
and subaerial surfaces, is indicated in Plate 1A 
by a band of wavy lines. 

Except possibly for the aforementioned cor- 
ridor, the ‘‘Merced” basin in the Sebastopol 
region was also isolated from other Pliocene 
marine basins. This statement is based on the 
following evidence: 

Summits with subaerial surfaces closely 
border the northern limit of ‘‘Merced” ex- 
posures.> On the east, in the vicinity of the 
Santa Rosa and Petaluma valleys, marine 
‘‘Merced”’ strata meet contemporaneous Plio- 
cene volcanic rocks and continental sediments. 
I have seen a few summits south of the Sebasto- 
pol “Merced” area but have the impression 
that there, as on the north, subaerial surfaces 
rather closely border the limit of ‘‘Merced” 
exposures. The only possible marine connec- 
tion (except by way of the open ocean) be- 
tween the Sebastopol ‘‘Merced” and type 
Merced basins would have had to join the 
Sebastopol ‘‘Merced” basin near the present 
Petaluma Valley. Until the Pliocene stratig- 
raphy in the San Francisco Bay area is clari- 
fied, it will be impossible to demonstrate that a 
middle Pliocene marine corridor could not 
have existed between Petaluma Valley and the 
type Merced basin; however, in most views of 
bay area Pliocene stratigraphy such a marine 
connection would have been very unlikely. 

Therefore it is most reasonable to conclude 
that the Pacific Ocean entered the Sebastopol 
“‘Merced”’ basin directly from the west. The 
possible maximum width of this entrance im- 
mediately east of the San Andreas fault trace, 
inferred from the distribution of ‘‘Merced” 
remnants, stripped surfaces, and subaerial sur- 
faces, is indicated in Plate 1A by a band of 
wavy lines. I investigated all the ridge sum- 
mits in and around the Ohlson Ranch forma- 
tion area but only a few in the Sebastopol 
“‘Merced” area. Hence the limits shown in 
Plate 1A for the possible maximum width of 
the “‘Merced” basin entrance are less well sub- 
stantiated than are those of the Ohlson Ranch 
basin entrance. 

Branner, Newsom, and Arnold (1909, p. 6) 
reported ‘‘Characteristic lower Merced fossils 
. . . 2% miles south-southwest of Stanford 
University,” so that, by middle Pliocene time, 
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the Purisima and type Merced basins east aff 
the San Andreas fault trace may have been, 
single marine basin, extending southeast a 
least as far as Palo Alto. The northeastern and 
northwestern limits of the type Merced basin 
have not been established. 

Pliocene seaways west of the San Andreas fault, 
As concluded above, the Pliocene Ohlson 
Ranch and Sebastopol ‘‘Merced” marine 
basins were each connected directly with the 
ocean. I shall attempt to show that only parts 
of the area west of the San Andreas fault trace 
were submerged during middle Pliocene time, 
For the sea to have entered the Pliocene basins, 
the basin entrances immediately east of the 
fault trace must have lain opposite the sub- 
merged areas immediately west of it. Hence, 
the present positions of these submerged areas 
relative to the basin entrances should help us 
to measure post-middle Pliocene displacement 
along the fault. 

Solid bands of dots immediately west of the 
line representing the 1906 San Andreas fault 
trace in Plate 1A depict areas that may have 
been below sea level during middle Pliocene 
time. Submergence of these areas is postulated 
on the following grounds: (1) Some of thes 
areas are submerged now; unless the block west 
of the fault has been warped along axes normal 
to or oblique to the fault trace (a possibility 
considered at greater length below), these 
areas were probably also submerged during 
middle Pliocene time. (2) The area near 
Bolinas still retains middle Pliocene marine 
sediments, some of which may lie west of the 
fault zone. (3) One area, about 4 miles north- 
west of Stewarts Point and marked with an 
arrow on Plate 1A, retains a few thin patches 
of post-Cretaceous sediments, which, as dis 
cussed at greater length below, may be middle 
Pliocene. (4) The remaining areas all stand less 
than 675 feet above sea level and are beveled 
by Pleistocene marine terraces or have rolling 
summits that resemble stripped surfaces. 
Northwest of Fort Ross the soil on these sur- 
faces is composed chiefly of quartz grains and 
clay. Locally this soil contains rounded and 
polished grains similar to some grains in the 
Pliocene marine sediments and in the Pleisto- 
cene terracesediments. Since sand grains in the 
Gualala formation arkose, the parent material 


5 Writers who have suggested that the Sebastopol 
‘*Merced” originally extended far north of the present 
limit of exposures (Weaver, 1949, p. 165; Higgins, 1952, 
p. 233) were, I believe, mistaken. 
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for this soil, all appear to be very angular, the 
roundness of the grains in the soil suggests that 
some of the so‘! on these summits has been re- 
worked. 

| have not studied summits west of the fault 
trace on the San Francisco peninsula and there- 
fore do not know how extensively that area 
may have been submerged during Merced 
deposition. 

Dashed bands of dots west of the fault trace 
line in Plate 1A show areas that may have been 
submerged during middle Pliocene time, but 
for which evidence of submergence is more 
equivocal than for areas shown by solid bands. 
Specifically, these areas have rolling summits 
that are less than 675 feet, but generally more 
than 300 feet, above sea level. Except on Point 
Reyes peninsula, evidence of reworking of the 
residual soil on these summits is not apparent. 
On the northwest end of Inverness Ridge, on 
Point Reyes peninsula, a rolling summit sur- 
face truncates deformed Miocene strata and 
pre-Miocene quartz diorite (Weaver, 1949, 
Point Reyes quadrangle map). The soil on this 
surface is thin and contains rounded grains, 
pebbles, and cobbles. Most of these pebbles and 
cobbles are clearly derived from conglomerate 
at the base of the Miocene(?) Laird sandstone, 
but some appear to be of Miocene siliceous 
shale. The degree and depth of decomposition 
of the quartz diorite exposed on these summits 
vary greatly; in some places the rock is fairly 
fresh, but in other places it appears to be just 
as deeply weathered as on the higher summits 
if Inverness Ridge to the southeast. Laird sand- 
stone, where beveled by summits less than 675 
feet above sea level on the northwest end of 
Inverness Ridge, is fairly fresh, whereas arkose 
and conglomerate that locally overlie the 
quartz diorite on the higher summits of In- 
verness Ridge to the southeast are weathered 
and contain decomposed feldspar grains and 
bleached mica flakes. These latter sediments, 
not shown on Weaver’s map, were fresh when 
deposited, as attested by the rounding of grains 
and pebbles in them. With allowance for effects 
of postdepositional weathering, the arkose and 
conglomerate appear to be part of the Laird 
formation on the basis of similar lithology and 
relationship to the underlying quartz diorite. 
Hence, comparative weathering of the Laird 
sandstone—and, toa lesser extent, of the quartz 
diorite—suggests that the erosion surface less 
than 675 feet above sea level on the northwest 
end of Inverness Ridge is younger than the 
surface of the higher summits to the southeast. 
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However, none of the evidence shows that the 
lower surface was formed by marine rather 
than subaerial erosion, or that the area it covers 
has been below sea level at any time since the 
Miocene. 

Some of the areas discussed above may have 
stood above the sea since Pliocene deposition 
began; others may only have been submerged 
in post-Pliocene time. However, some of these 
areas immediately west of the San Andreas fault 
trace north of San Francisco must have been 
submerged during middle Pliocene time to al- 
low the sea to enter the marine basins east of 
the fault trace. The areas that were actually 
submerged, then, must be somewhere within 
the areas depicted with solid or dashed-dotted 
lines on Plate 1A, because, as concluded below, 
the intervening areas have stood above the sea 
since middle Pliocene time began. 

Pliocene land areas west of the San Andreas 
fault. Northwest of Bolinas, Inverness Ridge 
has summit remnants of a rolling erosion sur- 
face at about 1000-1300 feet above sea level. 
Patches of the Laird formation(?) overlying the 
quartz diorite on this surface contain feldspar 
grains that are much more decomposed than 
those in Pliocene sandstones east of the fault 
trace. This evidence, combined with the deep 
weathering of the quartz diorite, suggests that 
the summit surface was formed by marine 
planation in Laird(?) time, was exhumed—ex- 
cept for a few remnant patches of Laird sedi- 
ments—before middle Pliocene time, and has 
stood above sea level ever since. Except for the 
areas shown by bands of dotted lines on Plate 
1A, the summit of the coastal ridge west of the 
fault trace between Fort Ross and Point Arena 
stands more than 675 feet above sea level (PI. 
1B). In most places this summit is broadly roll- 
ing and is covered with soil several feet deep. 
This soil is composed chiefly of angular, white 
quartz sand grains and clay and is apparently 
formed by decomposition of the underlying 
Cretaceous arkose. In a few places the clay has 
been washed away, leaving white sand com- 
posed of poorly sorted, angular quartz grains 
with rare angular fragments of Cretaceous 
sandstone and rounded pebbles derived from 
Cretaceous conglomerate. In the rare places 
where exposed, the bedrock is much weathered. 
In short, the soil shows no effects of reworking 
by wave action. The depth of the soil and the 
degree of decomposition of the bedrock are 
similar to—even greater than—those of the 
subaerial surfaces east of the fault trace. To be 
sure, the bedrock west of the fault-zone trace 
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(Gualala arkose) is different from that east of 
the fault-zone trace (Franciscan graywacke.) 
However, it is inconceivable that, starting with 
fresh surfaces scoured by the middle Pliocene 
sea, the arkose could have decomposed to form 
deep soil while the Franciscan rocks have 
weathered only slightly. On these grounds I 
conclude that the summit surfaces now stand- 
ing more than 675 feet above sea level on the 
coastal ridge west of the fault trace have stood 
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curred between Gualala and Stewarts Point 
after formation of the higher surfaces and may 
have helped initiate marine erosion of the sur- 
face below 700 feet in that area. However, this 
downwarping did not recur after formation of 
the surface at 500-675 feet, for F. H. Bauer 
(1952, M.A. thesis in Geography, Univ. of 
California, Berkeley) found no apparent sag- 
ging of Pleistocene terrace levels in that area, 
The consistent elevation of the hilly surface at 
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Solid lines show alignments that may have existed if only the areas depicted on Plate1A with solid bands of dots or 


wavy lines were submerged during middle Pliocene time. 


Dashed lines show alignments that may have existed if the 


areas depicted on Plate 1A with solid and dashed bands of dots and wavy lines were submerged. 


above the sea since before middle Pliocene 
time.® 

As Plate 1B shows, the summit surfaces 
above 675 feet on the coastal ridge northwest 
of Fort Ross appear to be remnants of not one 
pre-middle Pliocene surface, but of two, sep- 
arated by abrupt slopes. Each of these surfaces 
maintains consistent elevation over broad local 
areas. Moreover, the higher erosion surfaces 
drop sharply down to the surface at 500-675 
feet, just’ does the higher surface on Inverness 
Ridge. © ae abrupt slopes that separate the 
erosion surfaces, both on Inverness Ridge and 
northwest of Fort Ross, appear to be unrelated 
to differences in bedrock. Furthermore, there 
is no evidence that they are attributable to 
transverse faults or sharp flexures. As suggested 
by tentative correlation of remnants of the 
higher erosion surfaces northwest of Fort Ross 
(Pl. 1B), slight downwarping may have oc- 


400-675 feet on Inverness Ridge suggests that 
this area, too, was not warped or tilted after 
the surface was formed. 

If the exposed areas west of the fault trace 
have not been greatly warped since formation 
of the surface at 500-675 feet south of Gualala 
and at 400-675 feet on Inverness Ridge, then 
the submerged area between Fort Ross and 


® Mason (1934) independently reached this concl 
sion on botanical grounds. He postulated that the 
closed-cone pine forest mantling much of the coastal 
ridge northwest of Fort Ross and the high parts of In- 
verness Ridge and continuing sporadically along the 
California coast evolved in isolation during Tertiary, 
especially Pliocene, time on a chain of coastal islands. 
He predicted (1934, p. 139) that “‘It is probable that 
when the geology of the north coast of California is 
known, there will be . . . [a] correlation between the 
ranges of living pines and the areas of Tertiary emer- 
gence.” 
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Point Reyes was very likely submerged or only 
dightly above sea level during formation of the 
surface below 700 feet. 

Alignment of Pliocene basins and seaways. As 
discussed above and as shown on Plate 1A, the 
only areas west of the San Andreas fault trace 
north of San Francisco that might have been 
below sea level, and hence might have pro- 
vided entrances to the middle Pliocene marine 
basins east of the fault trace, are those areas 
now standing less than about 675 feet above sea 
level. To determine the amount of left-lateral 
displacement necessary to realign these possible 
saways with the basin entrances, one can sever 
Plate 1A along the line representing the trace 
of the San Andreas fault and move the two 
sides laterally with respect to each other. The 
data in Figure 5 were derived in this way. The 
figure depicts relationships between varying 
amounts of lateral displacement and varying 
degrees of alignment of each basin with a sea- 
way. The horizontal scale in the chart shows 
the effects of right-lateral displacements along 
the fault; at the 20-mile position, for example, 
the chart shows the degree of alignment of 
basins and seaways that existed before a hypo- 
thetical right-lateral displacement of 20 miles. 
The vertical scales show the degree of align- 
ment, expressed as the percentage of each sup- 
posed basin entrance that is open to the sea 
through a seaway immediately west of the 
fault trace. The lines in the chart are drawn on 
the assumption that the basin entrances were 
asdepicted by the bands of wavy lines in Plate 
1A, and that the seaways were as depicted by 
the bands of dots. Solid lines show degrees of 
alignment based on the further assumption that 
the areas depicted by dashed bands on Plate 1A 
were not submerged; dashed lines show degrees 
ofalignment based on the assumption that these 
areas were submerged. 

As the chart shows, the Ohlson Ranch basin 
would have been completely open to the sea 
preceding any displacement greater than 30 
miles. It would have been completely blocked 
by the ridge between Point Arena and Gualala 
preceding a displacement of about 17 miles. It 
would have been blocked by the ridge between 
Stewarts Point and Fort Ross preceding dis- 
placements greater than -5 miles—that is, pre- 
ceding cumulative post-middle Pliocene /eft- 
lateral displacement greater than 5 miles along 
the fault. 

The ‘‘Merced”’ basin in the Sebastopol re- 
gion would have been completely open to the 
sea preceding displacements of 2.5 to 19.5 miles 


or —7 to 14 miles, depending on whether or not 
the areas shown by dashed bands on Plate 1A 
were submerged. Displacements greater than 
23 miles would involve a serious source area 
conflict. A coarse arkose phase of the ‘“‘Merced 
formation” that crops out near Dillon Beach, 
in the southwest corner of the Sebastopol 
quadrangle map-area, was clearly derived from 
quartz diorite west of the fault. Quartz diorite 
is not exposed above sea level north of Bodega 
Head. Indeed no known rocks west of the fault 
north of Fort Ross could have served as the 
source of this coarse arkose. Hence, cumulative 
right-lateral displacement along the fault near 
Dillon Beach cannot have exceeded 23 miles 
since middle Pliocene time. 

The cumulative curve on the chart shows 
that optimum bay openings would be produced 
by displacements of 4 to 10 miles. In view of 
the source area conflict and the apparent com- 
plete blockage of the Ohlson Ranch basin by a 
displacement of about 17 miles, the most 
cautious estimate of maximum possible post- 
middle Pliocene lateral displacement along the 
fault in this area is less than about 15 miles. 

Implicit in the above conclusions is the as- 
sumption that the amount of post-middle 
Pliocene lateral displacement is uniform along 
all parts of the fault trace north of San Fran- 
cisco. This assumption may not be completely 
valid. Experience with historic displacements 
along the fault shows that displacements are 
not transmitted uniformly over the entire 
length—or even over a large segment—of the 
fault. However, it has been assumed, chiefly on 
the authority of the elastic-rebound theory, 
that over a long period the sum of such dis- 
placements at any particular place along the 
fault will equal the sum at any other place along 
the fault. A more serious objection is that one 
or more faults that may have been active since 
middle Pliocene time appear to intersect the 
San Andreas fault north of San Francisco. 

Lawson correlated the San Andreas fault 
trace near Mussel Rock with the fault trace 
near Bolinas, but he believed that most of the 
displacement of Bolinas Merced against Fran- 
ciscan was caused by movements on the hypo- 
thetical San Bruno fault. The trace of the San 
Bruno fault—if such a fault exists—is every- 
where covered by alluvium on the San Fran- 
cisco peninsula. Lawson postulated this fault to 
explain the contact between Franciscan rocks 
in San Bruno Mountain and northeast-dipping 
type Merced strata southwest of San Bruno 
Mountain. Since the apparent structural rela- 
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tionship between the Merced and Franciscan 
at San Bruno Mountain is similar to that near 
Bolinas, Lawson (1914, p. 15) extended the San 
Bruno fault northwestward to join the San 
Andreas fault at Bolinas Bay. 

North of Fort Ross the coast line is unusually 
straight. Back slopes of raised marine terraces 
show that Pleistocene coast lines in this area 
were also remarkably straight. Since there is 
in the exposed coastal rocks no indication of 
a large offshore fold, it seems reasonable to infer 
that the coast line is controlled by a large off- 
shore fault nearly parallel to the San Andreas. 
If this fault continues to the southeast, it must 
either bend sharply southward around Point 
Reyes or, as suggested by Johnson’s map (1943, 
p. 624), it must converge with the San Andreas 
fault near the mouth of Tomales Bay. In the 
latter case, the offshore fault may simply be a 
branch of the San Andreas or a continuation of 
Lawson’s San Bruno fault. 

Post-middle Pliocene displacements along 
these hypothetical faults would not affect any 
conclusions about displacement along the San 
Andreas fault of the Ohlson Ranch basin and 
its seaway. They would probably not seriously 
affect conclusions about displacement of the 
Sebastopol ‘‘Merced” basin and its seaway. Nor 
would they invalidate attempts to compare 
these two sets of conclusions. But they would 
seriously interfere with any attempts to relate 
these conclusions to possible post-middle Plio- 
cene displacement on the San Andreas fault 
south of Bolinas. Partly for this reason, but 
chiefly for lack of data, hypothetical displace- 
ments of the type Merced and Bolinas Merced, 
which may have been deposited in the same 
basin, are not shown in Figure 5. It might be 
noted in passing, however, that post-middle 
Pliocene right-lateral displacements greater 
than about 16 miles along the San Andreas 
fault in the San Francisco area would ap- 
parently require the Miocene rocks now ex- 
posed near Bolinas to have lain opposite part 
of the type Merced basin in middle Pliocene 
time. Displacements greater than about 30 
miles would require the quartz diorite of In- 
verness Ridge to have lain opposite part of the 
type Merced basin. Displacement of about 44 
miles would require that the Bolinas area was 
originally contiguous with the Palo Alto area. 
Further study of the lithology of the type 
Merced and upper Purisima sediments may 
show whether or not such conditions could 
have existed. 

Earliest entrances to the Pliocene basins. 


The 


general figures given above on possible post- 
middle Pliocene lateral displacements along the 
San Andreas fault were derived from align- 
ments of the bands on Plate 1A. These bands 
depict possible maximum widths of seaways 
and basin entrances. However, there is some 
evidence that when deposition of the Ohlson 
Ranch formation began both the basin en- 
trance and its seaway were very narrow. 
Throughout early Ohlson Ranch time the 
basin appears to have been bordered on the 
southwest by a ridge standing where Miller 
Ridge stands today, just east of the San Andreas 
fault trace north of Stewarts Point (Higgins, 
1960, p. 207-208). By late Ohlson Ranch time 
the top of this ridge was submerged, for Ohlson 
Ranch sediments cap it in many places. How- 
ever, on both sides of the water gap where the 
Wheatfield Fork of the Gualala River cuts 
through the ridge, remnants of Ohlson Ranch 
sediments are lower than elsewhere on the 
ridge. Since there is no evidence of transverse 
warping of the-Franciscan-Ohlson Ranch con- 
tact at this place or immediately northeast of 
the water gap, it appears that the water gap 
marks the site of a middle Pliocene sag in the 
ridge, through which the sea may first have in- 
vaded the basin. This sag was 1-114 miles 
wide; its center is shown on Plate 1A by a 
stubby black arrow immediately east of the line 
representing the San Andreas fault trace. 
West of the fault trace the earliest Ohlson 
Ranch seaway may have been confined to a sag 
now occupied by the water gap of the Gualala 
River, at Gualala. If so, then right-lateral dis- 
placement along the San Andreas fault in that 
area has aggregated about 7 miles since deposi- 
tion of the Ohlson Ranch formation began. 
However, it is more likely that the earliest 
Ohlson Ranch seaway was confined to a sag in 
the coastal ridge shown on Plate 1A by a stubby 
arrow about 4 miles northwest of Stewarts 
Point. Except for the Gualala River water gap, 
this sag is the lowest part of the ridge between 
Stewarts Point and Point Arena. In the lowest 
part of the sag, 360 feet above sea level, there 
are patches of poorly sorted, locally derived 
conglomerate. No material in this conglomer- 
ate is derived from the Franciscan east of the 
fault, so it is not a deposit of a west-flowing 
stream. About 0.5 mile northwest, remnants of 
clayey sandstone overlie Gualala bedrock at 
375 to 430 feet. This sandstone is similar to 
parts of the Ohlson Ranch formation and toa 
marine terrace deposit 360 feet above sea level 
on the seaward slope of the ridge 0.7 mile 
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farther northwest. These deposits may be part 
of the Ohlson Ranch formation, for they ap- 
parently could not have been formed after 
Ohlson Ranch time without permanent diver- 
sion of the Gualala River through the sag 
(Higgins, 1960, p. 217-219).” If this sag is the 
earliest Ohlson Ranch seaway, and if the earli- 
est Ohlson Ranch basin entrance was confined 
to the sag at the Wheatfield Fork water gap, 
then right-lateral displacement along the San 
Andreas fault in this area cannot have aggre- 
ted more than | to 114 miles since deposi- 
tion of the Ohlson Ranch formation began. 

In the Sebastopol area, the lowest Franciscan- 
“Merced” contacts immediately east of the 
fault trace are found at the two places indi- 
cated on Plate 1A by stubby arrows east of the 
northwest tip of Point Reyes peninsula. If the 
coarse arkose near Dillon Beach (between the 
atrows) is a basal phase of the ‘“‘Merced,” these 
sags may mark the site of the earliest basin 
entrance. On the other hand, they may have 
been formed by post-‘‘Merced” warping. In 
amy case, one cannot determine the possible 
lateral displacement of the earliest ‘‘Merced” 
basin entrance, for the earliest ‘‘Merced”’ sea- 
way west of the fault trace probably still lies 
submerged somewhere between Point Reyes 
peninsula and Bodega Head, or even between 
Bodega Head and Fort Ross. 


Post-Middle Pliocene Vertical Displacement 


The lowest elevation of the Ohlson Ranch- 
Franciscan contact immediately east of the San 
Andreas fault trace is about 850 feet, on the 
south slope of the Wheatfield Fork water gap. 
This elevation is 490 feet higher than the bot- 
tom of the sag almost directly west of this 
point and 4 miles northwest of Stewarts Point. 


Southeast of this sag the rolling summit of the 
coastal ridge now stands 700 feet above sea 
level. This summit appears to have been above 
the sea since before middle Pliocene time, 
whereas remnants of marine Ohlson Ranch 
sediments are found 1200 feet above sea level 
on Miller Ridge, less than 114 miles away, on 
the opposite side of the fault trace. This re- 
lationship suggests that the eastern block has 
risen about 500 feet relative to the western 
block since middle Pliocene time. 

Similar control points are lacking for the 
Pliocene basin in the Sebastopol region; how- 
ever, the lowest elevation of the ‘‘Merced” 
strata immediately east of the fault trace is 
350 feet, whereas the floor of the original sea- 
way west of the fault trace is probably still 
submerged. Near Bolinas, too, the relationship 
between the Merced and Franciscan forma- 
tions suggests that the eastern block has risen 
500 feet or more relative to the blocks of 
Bolinas Merced in the fault zone. 

According to most views, post-Pliocene 
vertical displacements of this magnitude have 
not occurred along the San Andreas fault south 
of San Francisco. If this is true, then perhaps 
the vertical component of displacement along 
the fault north of San Francisco is attributable 
not to San Andreas movements but to move- 
ments on some other, branching fault, such as 
the hypothetical San Bruno fault. 


7 A remnant of marine terrace that F. H. Bauer (1952, 
M.A. thesis in Geography, University of California, 
Berkeley, p. 215, 268) tentatively dated as Aftonian 
interglacial occurs 170-175 feet above sea level 1.7 miles 
southeast of Stewarts Point. If this dating is correct (See 
footnote 3), the terrace deposit at 350-430 feet could 
well be pre-Pleistocene. 
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LEONARD H. LARSEN Dept. Geology, University of Cincinnati, Cincinnati, Ohio 
ARIE POLDERVAART Dept. Geology, Columbia University, New York, N. Y. 


Petrologic Study of 


Bald Rock Batholith, near Bidwell Bar, California 


Abstract: Compton made a detailed study of the 
Bald Rock batholith, California, and suggested that 
the tonalites and granodiorites of the rim of the 
batholith originated through contamination. He 
believed that trondhjemite magma, represented by 
rocks in the core of the batholith, assimilated meta- 
basaltic country rocks. This paper reports a detailed 
study of 22 rocks from the batholith, including ail 
the main rock types. Values for Qu, Or, Ab, and An 
calculated from the modes show that the rocks fall 
along a trend slightly below the cotectic boundary 
between quartz and feldspars and directed toward 
this surface. Compositions calculated from the 
modes indicate that formation of the tonalites by 
contamination is possible but requires improbably 
high proportions of metabasalt xenoliths in the rim 
of the pluton. Habits of zircons separated from the 
rocks show a distribution pattern which emphasizes 
contrasts between trondhjemitic core and granodio- 
rite-tonalite rim of the batholith but does not sup- 
port the idea of formation of the mantle rocks by 


contamination. Dimensional zircon data indicate 
that zircons of the core are unimodal, whereas 
those of the mantle of the batholith are bimodal. 
Comparisons with the Bald Mountain batholith, 
Oregon, demonstrate many similarities, as well as 
some striking contrasts. Compositional trends of 
tonalite to granodiorite are different for the two 
plutons. Zircons are the same throughout the Bald 
Mountain batholith. The writers conclude that 
both plutons were emplaced by forceful injection. 
At Bald Mountain, Oregon, a uniform magma was 
injected, but at Bald Rock, California, a migma- 
magma was emplaced. The trondhjemitic core of 
the Bald Rock batholith was mainly liquid at em- 
placement, but the tonalite-granodiorite rim con- 
sisted of mobile, viscous solid phases with inter- 
stitial melt. The liquid line of descent at Bald 
Mountain, Oregon, was from tonalite to grano- 
diorite and at Bald Rock, California, only from 
trondhjemite to leucotrondhjemite. 
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The writers were drawn to this study by the 
excellent account by Compton (1955) of the 


ton very kindly sent two suites of rock samples: 
the first was selected by him as representative 
of rocks of the batholith, and the second suite 
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was collected at map localities selected by the 
present writers. Neither writer has visited the 
Bald Rock batholith, and geologic relation- 
ships cited are based on Compton’s study of the 
area; the sketch maps are simplified from his 
published maps. 


marble, and quartzite, and 5 per cent meta- 
serpentine and metagabbro. 
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Ficure 1.—Location or Rock BATHOLITH 
(After Compton 1955, p. 12) 


This paper deals with the mineralogical 
compositions of rocks from the batholith and 
with sizes and shapes of zircons separated from 
the samples. 


Geologic Setting 


About 20 miles west of the northern part of 
the Sierra Nevada batholith is a group of 
several small batholiths and plutons of granitic 
rocks. The Bald Rock batholith belongs to this 
group and is exposed east of Oroville (Fig. 1). 
Compton (1955, p. 11) estimates that country 
rocks surrounding the batholith consist of 85 
per cent metavolcanic rocks, 10 per cent slate, 


samples used in this study. The laboratory work 
was done in part under a grant to Poldervaart 
from the Eugene Higgins Fund of Columbia 
University, in part under grants to Larsen 
from the Penrose Bequest of The Geological 
Society of America and from the National 
Science Foundation (G-3993). 


PREVIOUS WORK 


The reader is referred to the papers by 
Turner (1894; 1896; 1898), Lindgren (1900), 
Hietanen (1951), and Compton (1955) for a 
complete account of the region. Attention is 
here focused on the batholith and the conclu- 
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sions of Compton (1955) and Hietanen (1951) 
regarding the origin of the batholithic rocks. 
In general the borders of the batholith are 
concordant with the bedding and foliation of 
the country rocks (Fig. 1), but in detail the 
contact is usually discordant. The batholith 
cuts the country rocks at an average angle of 
about 5°. If bedding is projected across the 


presence of moved inclusions within the batho- 
lith, (4) the nearly universal occurrence of 
planar-flow structures that show an integral, 
though curious, pattern within the batholith, 
and (5) a pattern of dike swarms and slip 
structures consistent with a late upward bulg- 
ing of the batholith’s core. Compton’s analysis 
(1955, p. 25) indicates that outward movement 
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Ficure 2.—Simpuiriep Map oF Batp Rock BaTHOoLITH 
Modified from Compton (1955, Pl. 1) 


contact, it is seen that large crescentic slices 
of country rocks are missing along the east and 
west borders of the batholith; the eastern slice 
is about 114 miles thick near Feather Falls 
village, and the western slice is about | mile 
thick just east of Bidwell Bar (Compton, 1955, 
p. 24-25). 

The structural relationships of the batholith 
and surrounding. country rocks show clearly 
that the batholith was emplaced by forceful 
injection. Evidence for this is summarized by 
Compton (1955, p. 33-34) as: (1) the strik- 
ingly abrupt manner in which the country 
tocks have been pressed aside, (2) the nearly 
continuous occurrence of injection dikes and 
breccias in the adjoining wall rocks, (3) the 


of the country rocks accounts for about three- 
quarters of the mass of the batholith at the 
level of exposure, and that the remaining 
quarter was emplaced by piecemeal stoping. 

Within the associated aureole, mean plagio- 
clase compositions of metabasaltic rocks in- 
crease from about Anj2 in the outer parts of 
the aureole to about Anso_45 (with strong zon- 
ing) at, the contact of the batholith (Compton, 
1955, p. 41). In contrast with these composi- 
tions of plagioclase in metabasaltic rocks, the 
most mafic tonalites at borders of the batholith 
have plagioclase with average composition of 
Ang5 to Ango (Compton, 1955, p. 33). 

The Bald Rock batholith has a core of 
leucotrondhjemite (with less than 5 weight per 
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cent biotite), surrounded by and grading into 
trondhjemite (with more than 5 weight per 
cent biotite but without hornblende), which 
in turn is surrounded by granodiorite (with less 
than 10 weight per cent hornblende). Although 
the contact between trondhjemite and grano- 
diorite is everywhere gradational (Compton, 
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stoped metabasaltic country rocks. As evi- 
dence in support of this theory Compton 
(1955, p. 34) cites: (1) the over-all concentric 
arrangement of essentially continuous zones of 
batholithic rocks which become progressively 
more mafic toward the contact, (2) the thick- 
ness of the tonalite-granodiorite rim relative to 


TasLe 1.—Repropucisitiry oF Mopes 


(Weight per cent) 


BR 2 
Ay By Ag Bo AB 
Quartz 25.2 29.2 26.4 29.2 272 27.8 27.5 2.02 0.55 
Microcline 3.8 372 2.6 4.8 3.6 0.94 0.23 
Plagioclase 60.1 58.6 62.6 56.0 59.4 59.3 59.3 2.76 0.60 
Biotite Fad 65 5.3 7.4 Fe | 6.3 6.7 1.07 0.31 
Muscovite Miz 1.0 1.0 0.8 Beal 0.9 1.0 0.17 0.03 
Iron ore 0.9 1.4 1.2 0.24 0.13 
Epidote 0.5 0.4 0.5 0.6 0.4 0.6 0.5 0.10 0.08 
Apatite 0.2 0.2 0.2 0.2 0.2 2 0.2 0 0.05 
No. points 1638 1633 1738 1684 3271 3422 6693 

Quartz 27.6 26.8 26.7 23.6 203 25.2 26.2 1.76 0.55 
Microcline 5.7 5.5 6.1 4.6 5.6 5.4 5:5 0.63 0.28 
Plagioclase 42.4 49.5 45.7 53:1 45.9 49.3 47.6 4.64 0.62 
Hornblende 7.8 6.8 6.1 7.4 73 6.7 7 0 0.74 0.32 
Biotite 13.5 7 12.8 8.5 10.6 10.7 10.7 2.88 0.38 
Muscovite 0.7 0.6 0.4 0:5 0.7 0.5 0.6 0.14 0.10 
Iron ore 0.9 0.8 0.6 0.7 0.9 0.6 0.8 0.14 0.11 
Sphene 0.2 0.6 0.4 0.6 0.4 0.5 0.4 0.20 0.08 
Epidote 1.0 £3 1.0 0.8 1.1 0.9 1.0 0.20 0.12 
Apatite 0.2 0.2 0.2 0.2 0.2 0.2 O22 0 0.05 
No. Points 1625 1655 1621 1615 3280 3236 6516 


S: Standard deviation of the mean; ; 


a: Binomial standard deviation; 100 Joe 


n 


1955, p. 31), it is more abrupt in the east and 
south and more broadly gradational in the 
west. Along the outer borders of the batholith 
the granodiorite grades into tonalite (with 
more than 10 weight per cent hornblende). The 
tonalite-granodiorite rim of the batholith is 
thickest in the east and southwest where 
crescentic slices of mafic country rocks have 
been removed; the tonalite rim is very thin in 
the two places where quartzofeldspathic coun- 
try rocks are crosscut by the batholith (Comp- 
ton, 1955, p. 34). 

Both Hietanen (1951, p. 594-596) and 
Compton (1955, p. 33-36) attribute the com- 
positional variation of the batholithic rocks to 
contamination of trondhjemite magma _ by 


(x—x)*, where n=4 


(1—p), where p=x/100, and x=number of points 


the amounts of missing country rocks, (3) the 
thickness of the tonalite rim relative to the 
mafic or silicic character of the adjoining 
country rocks, (4) the heterogeneity of the 
tonalite and granodiorite, and (5) inclusion 
swarms restricted to the tonalite border and 
the keel within the batholith. Compton (1955, 
p. 35) showed that it was possible to produce 
granodiorite and tonalite by contamination of 
trondhjemite magma with metabasaltic country 
rocks, that the trondhjemite magma would 
have to assimilate about 25 per cent of its mass 
of country rocks at the level of exposure, and 
that the ratio of trondhjemite magma to in- 
cluded solid material in the tonalite rim would 
have to be about 1:1. Compton (1955, p. 36- 
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Taste 2.—Mopes or Rocks oF Batp Rock BaruouirH, CALIFORNIA 


(Weight per cent) See Figure 2 for location of samples. 
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37) recognized that a theory of contamination 
introduces many new problems which were 
briefly discussed by him. 


PETROGRAPHY 


Modal Data 


Modes were determined by Poldervaart for 
22 samples, of which 19 are of the main batho- 
lithic phases, and 3 are of minor later intrusions 
in the batholith. Localities of the samples are 
indicated on the map (Fig. 2). All the modes 
were determined with a Chayes point counter. 
Two thin sections cut from different parts of 
each sample were used. Each thin section has an 
area of 800-900 mm/?, and 1600 points were 
counted for each section, giving a total of 3200 
points for each mode. All the rocks have IC 
values (Chayes, 1956, p. 72-75) of 70-100. 
Table | shows the reproducibility of modes for 
two samples. Samples A; and B, represent re- 
sults for two sections run at intervals of 3 
counts along north-south traverses, and Az and 
By represent results for the same two sections 
run at the same intervals along east-west trav- 
erses. The data in Table 2 are the results for 
A,B. According to Chayes (1956, p. 82), the 
analytical error can be expected to be less than 
2.0 per cent for the major minerals. 

Table 2 shows the modes of the 22 samples, 
with their calculated specific gravity, assumed 
compositions of the feldspars, and recalculated 
percentages of Qu, Or, Ab, and An. Microcline 
is interstitial throughout and shows a decrease 
in optic axial angles in the series tonalite- 
granodiorite-trondhjemite-leucotrondhjemite. 
Cross-hatched twinning is sharper in the mar- 
ginal rocks than in the trondhjemites and leuco- 
trondhjemites where twinning is vague and 
patchy, and the feldspar may also be slightly 
perthitic. Assumed compositions for microcline 
are probably nearly correct but may be too 
sodic for microcline of the leucotrondhjemites. 
The Or content of low-temperature plagio- 
clase is estimated from published analyses and 
is probably nearly correct for the tonalites and 
granodiorites but may be too low for the 
trondhjemites and leucotrondhjemites. The as- 
sumed An contents are based on maximum ex- 
tinction angles of albite twin lamellae de- 
termined on the universal stage and checked 
against Compton’s (1955, p. 33) determina- 
tions of plagioclase compositions in samples 
taken near or at the localities of the writer’s 
specimens. 

Figure 3A shows the calculated percentages 


of Qu, Or, Ab, and An for the 19 samples of 
the main batholithic phases, plotted in the cor 
responding quaternary system. Also shown js 
the cotectic surface which separates the quartz 
field from the feldspar field in the anhydrous 
system. This type of diagram was successfully 
used by Nockolds (1946; 1947), but since then 
knowledge of the phase relationships in this 
system has increased considerably, owing 
chiefly to the work of Schairer and Bowen 
(1947), Yoder, Stewart, and Smith (1957), 
Stewart (1957), and Tuttle and Bowen (1958), 
Figure 3A shows that the tonalites, granodior- 
ites, trondhjemites, and leucotrondhjemites are 
just below, and progressively approach, the 
cotectic surface in a direction from the Ab-An 
side toward the Ab-Or side. Specimen MH 
5/01, which is enriched in Ab and Or relative 
to other members of the series, occupies an 
anomalous position in the series. Yet the thin 
sections show no evidence of late albitization 
or microclinization. The quartz-feldspar rela- 
tionships indicated by the proximity of the 
points to the cotectic surface are confirmed in 
part by the thin sections. Quartz is clearly 
later than calcic plagioclase (An4s—3o) of the 
tonalites but contemporaneous with more 
sodic plagioclase (Anes—12) in the trondh- 
jemites and leucotrondhjemites. The cotectic 
surface may have been further depressed by 
impurities, so that the trondhjemitic and 
leucotrondhjemitic magmas were actually on 
the cotectic surface. 

The data are summarized and elaborated in 
Figure 3B. Co-ordinates for the points in this 
diagram are given in Table 3. The average for 
the batholith is based on Compton’s (1955, 
p. 35) estimate of the volume per cent distribu- 
tion of the various rock types at the level of 
exposure. Recalculated to weight percentages, 
the distribution is: 19 per cent leucotrondhjem- 
ite, 22 per cent trondhjemite, 40.5 per cent 
granodiorite, and 13.5 per cent tonalite. Sample 
F 1/20 is taken for the average leucotrondh- 
jemite in view of the anomalous composition 
of MH 5/01 (Fig. 3A). Sketched into the dia- 
gram are the cotectic surface for the anhydrous 
system and the corresponding surface at about 
2000 bars water pressure. The following con- 
siderations indicate that this is a likely pressure 
for the batholith: (1) quartz (assumed to be 
inverted high quartz) is a primary crystalliza- 
tion product, indicating pressures in excess of 
500 bars (Tuttle and Bowen, 1958, p. 70-71) 
and (2) tie lines between compositions of co- 
existing plagioclase and microcline indicate 
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moderate to high pressures when plotted on a 
ternary Ab-Or-An diagram. (Cf, Yoder, 
Stewart, and Smith, 1957, p. 213.) As shown 
by the diagram, the various rock types fall 
along a smooth curve directed toward the 


cotectic surface. 
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plagioclase An4o_30, instead of plagioclase 
Ango-so, present in basaltic rocks. Severe con- 
tamination of batholith magma by metabasaltic 
country rocks would tend to displace the trend 
to intersect the Ab-An side at increasingly 
higher An values. No such tendency can be 


cm 


Ficure 4.—Rocxs oF BATHOLITH IN THIN SECTIONS 


(Camera lucida drawings) 

A. Tonalite (BR 7). Note large size of biotite flake at bottom of field relative to small hornblende crystals. The 
tonalites are generally somewhat finer-grained than other batholithic phases; B. Granodiorite (BR 11). Hornblende 
and biotite form discrete crystals of about the same size; C. Trondhjemite (BR 2). Hornblende is absent, biotite is 
commonly associated with small epidote crystals; D. Leucotrondhjemite (F 1/20). Low color index; biotite is as- 


sociated with muscovite. 


3.—Co-orpinaTes oF Rock Types 


Rock type Qu Or Ab An 
Leucotrondhjemite 32.8 7.0 48:4 12.1 
Trondhjemite 32:8 7:0 450 
Granodiorite 32:2 43 43.5 2020 
Tonalite 28 .6 2.3 24:33 
Average batholith 31.8 5.0 44.9 18.3 
Metabasalt (estimated) 6435 3635 
Product of 25 per cent 

assimilation 26.3 4.9 2526 
Product of 50 per cent 

assimilation 22.7 4.8 42.1 30.4 


Also shown in Table 3 and Figure 3B are the 
compositions of metabasalt (estimated) and of 
products of assimilation of respectively 25 and 
50 per cent of such metabasalt by undiffer- 
entiated batholith magma. Continuation of the 
trend leucotrondhjemite-tonalite, projected on 
the Or-Ab-An base of the tetrahedron (Fig. 
3B), beyond the most mafic rock leads to a 


observed; hence the relationships shown in 
Figure 3B lead to doubts that contamination 
is as pronounced as Compton assumed (1955, 
p. 33-36). The tonalites and granodiorites of 
the batholith also show no evidence of a re- 
action relationship between hornblende and 
biotite (Fig. 4). Most common are discrete 
crystals of the two minerals, but in the few 
associations observed, hornblende may include 
biotite, or biotite may be molded on horn- 
blende. Apparently the two minerals crystal- 
lized in part side by side. In the writers’ ex- 
perience, strongly contaminated rocks invari- 
ably show clear evidence of reaction relation- 
ships between the ferromagnesian minerals 
present. 


Chemical Compositions 


Approximate chemical compositions have 
been calculated from the modes and are given 
in Table 4, together with Hietanen’s (1951, 


4.—Cuemicar Composrrions oF Rocks or Rock Barnourrn, CALIFORNIA 


, p- 482, analysis 95) analysis of sample 


5/01 (recalculated to 100 per cent); T: Turner’s (1894 
les. 


gure 2 for location of all other samp! 


, Table 1, analysis 19) analysis of sample from locality MH 


(recalculated to 100 per cent); See 


H: Hietanen’s (1951 
from localitv F 5 
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TasLe 5.—AverRAGE Compositions oF Rocks or Rock BaTHOLITH, CALIFORNIA 


Rock type SiOz TiOzg AlzO3 Fee03 FeO MgO CaO KeO H2O+ 
Leucotrondhjemite i 

Trondhjemite 

(average 8 samples) 70.8 0.2 Os 4.9 0.3 
Granodiorite 

(average’Gsamples) 66.5 0.3 15.6 238 2:3 45 43 16 
Tonalite 

(average 3 samples) 63.9 0.2 16.0 34> BO 42 13 
Metabasalt (See Figure 5.) 50.0 0.7 16.4 3.6 Io 6.7 9.8 26 | 0.1 13 


Table 1, analysis 19) analysis of leucotrondh- 
jemite at the locality of MH 5/01 and 
Turner’s (1894, p. 482, analysis 95) analysis of 
trondhjemite at the locality of F 5/26. Feld- 
spar compositions used in the calculations are 
shown in Table 2, and assumed compositions 
of other minerals are given in the legend to 


3 
= 
ag Ww 
wa 4 
=o 3 BOS 
Sa <z 3 
-20 = 
pes 
5 | 55 
Ti 
-O 10-5 
¢ 
o- 
MgO 
10- 
3 
No.0 
--O 5-4 
50 60 70 


Ficure 5.—D1acram or Oxipes SILICA 
PERCENTAGES 


Data from Table 5 


Table 4. Compositions assumed for hornblende 
and biotite are in approximate agreement with 
published analyses of hornblendes and bioties 
from similar rocks. 

Engel and Engel (1958, p. 1381-1382) re- 
gard chemical compositions calculated from 
modes to be nearly as accurate as chemical 
analyses of the rocks. In view of uncertainties 
regarding compositions of the constituent min- 
erals, no such accuracy is claimed for the data 
of Table 4. However, comparison with the two 
published analyses shows satisfactory agree- 
ment. 

Averages for the various rock types and the 
average for the whole batholith are shown in 
Table 5. The data are plotted against SiOz in 
Figure 5, which shows the composition trends 
as straight lines, continued to 50 per cent 
SiO». The composition thus found for rock with 
50 per cent SiOz is also given in Table 5 and 
corresponds roughly to a basaltic composition, 
Thus Figure 3B (Table 3) and Figure 5 (Table 
5) both indicate that tonalite can form from 
the average batholithic magma by assimilation 
of metabasaltic country rocks. However, to 
produce tonalite from batholith (or trondhjem- 
ite) magma by assimilation of metabasaltic 
country rocks requires a ratio of magma to 
metabasalt inclusions of roughly 3:1 in the rim 
of the batholith. If the magma had little or no 
superheat—e.g., Hess (Walker, 1956, p. 446- 
447)—heat requirements to bring the xenoliths 
to temperatures necessary for reaction with the 
magma would almost certainly result in crystal 
lization of a large portion of the magma in the 
rim of the batholith, thus limiting extensive 
assimilation. 


ZIRCON DATA 
Methods 


Zircon concentrates were prepared from the 
rocks by the methods outlined by Larsen and 
Poldervaart (1957, p. 550-553). Permanent 
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mounts of the concentrates were prepared. Two 
types of observations were carried out by Lar- 
sen on the zircons, resulting in two sets of data 
for the samples: (1) dimensional data, and (2) 
data on crystal habits. Procedures used in 
measurement of lengths and breadths of eu- 
hedral (“‘unbroken’”’) crystals, and the statisti- 
cal analysis of the dimensional data have been 
discussed by Larsen and Poldervaart (1957, 
p. 546-550) and Alper and Poldervaart (1957, 
p. 955-958). In addition to representation and 
comparison of dimensional data of zircon 
samples by the method of the reduced major 
axis (hereafter called RMA), use is made in 
this paper of other graphical means of repre- 


sentation. Karakida (1954) and Tomita and 


Karakida (1958) have published two excellent 
studies of zircon habits in granitic rocks. Es- 
sentially similar methods are used here to trace 
the distribution of zircon habits in the Bald 
Rock batholith. 


Habit Data 


Table 6 lists the distribution, expressed as 
percentages, of zircon habits for the 22 samples 
described in Table 2 and Figure 2. The data 
are semiquantitative only. They were obtained 
in two separate series of observations, both done 
in regularly spaced traverses covering the en- 
tire zircon mount and using a mechanical 
stage. In the first series, the numbers of eu- 
hedral, subhedral, and anhedral crystals were 
counted, and the euhedral crystals were meas- 
ured to provide the dimensional data given 
below. In all cases (except BB 4/99 with 97 
zircons, BR 8c with 100 zircons, and F 4/27 
with 93 zircons), 200 euhedral crystals were 
measured. In the second series of traverses, eu- 
hedral crystals were counted and subdivided 
according to type and the same totals used 
again. 

Habits of euhedral, doubly terminated crys- 
tals are: (1) prismatic with simple forms only, 
few crystal faces; (2) prismatic with more com- 
plex forms, many crystal faces; (3) nonpris- 
matic with complex forms, many crystal faces. 
The three habits of euhedral zircons are illus- 
trated in Plate 1. Crystals are here called sub- 
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hedral if they are singly terminated. Although 
these zircons have the appearance of broken 
crystals, Larsen and Poldervaart (1957, p. 55]- 
553) have shown that, within the normal siz 
range of zircons in granitic rocks, breakage js 
not due to mechanical crushing in the labora 
tory. Subhedral crystals include those of habits 
(1) and (2). Anhedral crystals include zircons 
without clear terminations showing only prism 
faces, as well as angular and amoeboid forms on 
which no crystal faces could be recognized at 
the magnifications used throughout the work 
(x 270). 

The data of Table 6 are illustrated in the 
cumulative diagrams of Figure 6. Figure 6B 
represents a section across the batholith ina 
northeasterly direction, from the contact near 
sample BR 16, across the core and the keel just 
east of the core, to the contact near sample 
BR 9. (See Figure 2.) The diagrams indicate 
the following distribution of zircon habits in 
the batholith: (1) Prismatic crystals with 
simple forms and few crystal faces are present 
in significant proportions only in the leuco- 
trondhjemite-trondhjemite core of the batho- 
lith. (2) More complex prismatic crystals with 
many crystal faces are present in about the 
same proportions throughout the batholith. 
(3) Euhedral, nonprismatic, complex crystals 
with many crystal faces are present throughout 
but are about 10 times more abundant in the 
granodiorite-tonalite mantle of the batholith. 
(4) Anhedral crystals are also present through- 
out but are about twice as abundant in the core 
of the batholith. 

Qualitative estimates of the amounts of zir- 
cons recovered from approximately the same 
sizes of the different rock samples indicate high 
to moderate yields from the mantle tonalites 
and granodiorites, moderate to low yields from 
the trondhjemites, and decidedly poor yields 
from the leucotrondhjemites. Contrary to the 
usual zircon abundances in igneous rocks 
(Poldervaart, 1956), the more mafic rocks of 
the Bald Rock batholith have the highest con- 
centrations of zircon, and the most silicic rocks 
the lowest. 

The habit data tend to emphasize differ 


TYPICAL ZIRCON CRYSTALS 
A. Type 1: Euhedral, doubly terminated, prismatic crystals; simple forms, few crystal faces 
B. Type 2: Euhedral, doubly terminated, prismatic crystals; more complex forms, many crystal faces 
C. Type 3: Euhedral, doubly terminated, nonprismatic crystals; complex forms, many crystal faces 
D. Singly terminated, subhedral crystals, apparently broken 


E. Anhedral crystals with irregular forms 


F, Composite crystals; these constitute less than 1 per cent of the zircon concentrates 


TYPICAL ZIRCON CRYSTALS 


LARSEN AND POLDERVAART, PLATE 1 
Geological Society of America Bulletin, volume 72 
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Ficure 6.—DistrisuTion or Zircon Hasits 


A. Variation for all samples arranged according to rock type; B. Variation in a section across the batholith 
(See Figure 2.) 
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Figure 7.,—DistrrisuTion or Hasirs or Euneprat Zircons 
Note the separation of zircons from rocks of the batholithic core from those of rocks from the rim. 


£3 
| a 
\ 
a \ 
A 
SAY ® : 
% 
We 
\ 
: 


82 


ences between rocks from the core of the 
batholith which contain biotite and those from 
the mantle which have hornblende and biotite. 
This is also well shown in a plot of the three 
habits of euhedral crystals (Fig. 7). To test 
whether different zircon habits are associated 
with particular rock-forming minerals, sample 
BR 11 was crushed to approximate grain size, 
and plagioclase, hornbiende, and biotite were 
separated from the aggregate. The pure frac- 
tions were next crushed to pass through a 60- 
mesh U.S. Standard sieve (used throughout the 
work), and zircons were separated from each 
fraction. Observations on the zircon concen- 
trates are listed in Table 7. The writers in- 
terpret these data as indicating that, within 
the limits of experimental error, the distribu- 
tion of zircon habits in the main mineral con- 
stituents of the rock is the same throughout. 
Presumably this holds also for all the rocks of 
the batholith. 


Tasie 7.—Zircon Hasirs 1n Sampce BR 11 


(Per cent) 

Plagio- Bio- Horn- 

Rock clase tite blende 
Euhedral, habit 1 1 0 0 1 
Euhedral, habit 2 30 31 21 24 
Euhedral, habit 3 56 60 58 61 
Subhedral 7 3 7 3 
Anhedral 6 6 14 10 

Number of crystals 

counted 231 141 280 378 


In most of the concentrates a few crystals 
show transitional forms—e.g., between habits 
(1) and (2), or between habits (2) and (3). 
Also present (PI. i) are a few crystals with out- 
growths or overgrowths. (Cf, Eckelmann and 
Poldervaart, 1957, p. 1242-1244.) However, 
these amount to 1-10 individuals in a concen- 
trate of 1000 or more crystals and hence do 
not exceed a fraction of a per cent. 

Zircons of one sample of metabasaltic coun- 
try rock from the contact aureole were also 
examined. The crystals have various rounded 
to sub-rounded shapes, with few euhedral or 
subhedral forms, and are similar to zircons from 
many orthoamphibolites examined by Polder- 
vaart. They resemble the small blebs of sphene 
seen in many thin sections as inclusions in the 
hornblende of amphibolites. Anhedral zircons 
of granodiorites and tonalites from the Bald 
Rock batholith include a few similar forms 
which may be xenocrysts, but in none of the 
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samples do these crystals exceed 1-2 per cent of 
the total concentrate. These observations do 
not support the assumption that the granodio- 
rites and tonalites originated by severe con- 
tamination of batholith magma by metabasaltic 
country rocks. If the zircons incorporated in 
the magma by assimilation recrystallized to dif- 
ferent crystal habits, it is surprising that so few 
zircons with outgrowths and overgrowths are 
present in the marginal tonalites. 


Dimensional Data 


Dimensional data for euhedral zircons from 
the 22 samples are listed in Table 8. The 


Statistical parameters are: 


Mean of x, x = & (x)/N, y analogous 


Standard deviation of x, 
= — 5, analogous 


Tangent of angle of slope of RMA, a = s,/s, 


Correlation coefficient, r = 
— x) (y — y)/ VIZ — — 
Correlation of relative dispersion about RMA, 


Dd = 100 V{2(1 — r) + 52)/(2 + 


Standard error of slope, 


2} 


Comparison of slope, ae 
= (a — a)/ V(62, + 


Because the habit data indicate that euhedral 
zircons of the leucotrondhjemites and trondh- 
jemites are predominantly prismatic (habits | 
and 2), whereas those of the granodiorites and 
tonalites include both nonprismatic and pris 
matic crystals (Figs. 6, 7), separate mean values 
have been calculated for the dimensional data 
of zircons from the two groups of rocks. Re- 
sults of z tests (Table 8) for zircons of the 
leucotrondhjemites and trondhjemites show 
that RMA slopes are similar to the slope of 
their mean trend at the probability level 
P<0.05 (z>1.96). However, most of the 
RMA slopes do not agree with the slope of the 
mean trend of zircons from the granodiorites 
and tonalites. The same tests show that RMA 
slopes of zircons of one granodiorite, and all 
three tonalites, are different from the slope of 
their mean trend; most of the samples also 
show differences from the slope of the mean 
trend computed for zircons of the leucotrondh- 
jemites and trondhjemites. Figure 8 shows 
contoured dimensional diagrams of six repre- 
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Ficure 8.--Sectecrep Conrour Dracrams or ZiRcoN DIMENSIONS 
A. Leucotrondhjemite F 1/20; B. Trondhjemite F 3/16; C. Granodiorite BR 11; D. Tonalite BR 7 
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A. Leucotrondhjemite F 1/20; B. Trondhjemite F 3/16; C. Granodiorite BR 11; D. Tonalite BR 7 
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gatative samples. Euhedral zircons of F 1/20 
and F 3/16 are essentially unimodal, but those 
of BR 11 and BR 7 show distinct bimodal 
characteristics. The diagrams reflect the di- 
mensional uniformity of prismatic habits (1) 
and (2) but emphasize dimensional contrasts 
between nonprismatic habit (3) and prismatic 


habit (2). 


mean trend of zircons for rocks from the core 
of the batholith intersects the abscissa near the 
origin, and a line (y=0.3676x) drawn through 
(x, y) of the mean trend and the origin is 
similar to the mean trend (y=0.3762x 
— 0.0005). The mean trend of zircons for rocks 
from the mantle of the batholith intersects the 
ordinate above the origin, and a line (y 
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Figure 9.—MEAN TRENDS FOR ZIRCONS 


The points shown represent (x, y) of zircons from the different samples. The two solid lines are the mean trends 
ofzircons from the core and from the rim of the batholith. The two broken lines connect (x, y) of each mean trend 


with the origin. 


Mean values for length and breadth (Table 
§,x and y) show that euhedral zircons from 
the granodiorites and tonalites (dominantly 
nonprismatic habit 3) are generally stouter 
than those from the leucotrondhjemites and 
trondhjemites (dominantly prismatic habits | 
and 2), The longest zircons occur in MH 5/01 
(leucotrondhjemite) and in the three tonalites. 
The nonprismatic, euhedral crystals are cer- 
tainly not smaller than the prismatic zircons. 

Figure 9 shows (x, y) plots of euhedral zir- 
cons from the various samples and the two 
mean trends. The fit of the points to the mean 
trends is better for zircons from the leuco- 
trondhjemites and trondhjemites than for 
those from the granodiorites and tonalites. The 


=0.5427x) drawn through (x, y) of this mean 
trend and the origin is rather different from 
the mean trend (y=0.4654x-+0.0068). The 
writers interpret this (Cf Larsen and Polder- 
vaart, 1957, p. 547, 556-558) to indicate that 
the prismatic crystals are self-nucleated, where- 
as the nonprismatic crystals may have grown 
on nucleii of zircons formed earlier. 


PETROGENESIS 


Comparison with Bald Mountain 
Batholith, Oregon 

To avoid confusion, the Bald Rock batho- 
lith, California, and the Bald Mountain batho- 
lith, Oregon (Taubeneck, 1957), are here called 
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respectively the California batholith and the 
Oregon batholith. Both batholiths are defi- 
nitely intrusive, have distinct aureoles, and are 
mesozonal batholiths (Buddington, 1959, p. 
705). Both have rims of tonalite which grade 
inward into granodiorite. However, the Oregon 
batholith has no trondhjemite core. Both are 
surrounded by mafic country rocks, mainly 
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batholith has more K-feldspar and less horn- 
blende and biotite, whereas plagioclase is more 
calcic. Plagioclase in both batholiths is strongly 
zoned, and zoning includes oscillatory zoning, 
K-feldspar in the California batholith is micro- 
cline throughout, and optic axial angles de- 
crease from batholithic rim to core. K-feldspar 
in the Oregon batholith is apparently mono- 


Taste 9.—AveRAGE Mopes anv CHEMICAL -oMposiTIONS OF BaLp Rock (CALIFORNIA) AND Mountain 
(OrEcon) Rocks 


AverAcE Mopss (Weight per cent) 
b 


qu K-f pl ho i mt rest An pl 
Bald Rock tonalite 21.6 0.4 53.4. 13.2 “9.7 0.6 bol 35 
Bald Mtn. tonalite 21.6 0.6 57.9 8.8 10.1 0.8 0.2 42 
Bald Rock granodiorite 25.8 2.4 52-1 7.3 0.8 31 
Bald Mtn. granodiorite 26.9 7.5 S24 40 
ComPposITIONS 
SiOg TiOg FegO3 FeOQ MgO CaO NagO K2O PeO5 H20+ 
Bald Rock tonalite 63.9 0.2 16.0 1.4 3.4 38 5.8 4.2 1.3 0.1 0.7 
Bald Mtn. tonalite 66.4 0.5 16.6 1.4 2.6 1.8 5.1 EE 12 02 0.4 
Average tonalite 64.4 0.6 16.0 r> 3.8 7 eo) 5.4 3.4 1.4 0.2 0.8 
Bald Rock granodiorite 66.5 0.3 15.6 1.4 2.8 BA 4.5 43 1.6 0.1 0.6 
Bald Mtn. granodiorite 67.5 0.5 157 ed 2.6 22 3.9 3.6 0s | 0.1 0.6 
Average granodiorite 65.5 0.6 iS.7 1.6 28 1.9 4.1 ao 3.0 0.2 0.7 


Modal data: 


qu: quartz; K-f: potassium feldspar; pl: plagioclase; ho: hornblende; bi: biotite; mt: magnetite; 


rest: includes epidote, chlorite, sphene, apatite; An pl: average anorthite content of plagioclase 
Bald Rock data calculated from Table 2, Bald Mountain data calculated from Taubeneck (1957, 


p. 198, 205) 
Chemical data: 


Bald Rock data from Table 5, Bald Mountain data from Taubeneck (1957, p. 222), averages cal- 


culated from Nockolds (1954, p. 1014-1015) 


orthoamphibolites for the California batholith 
and Elkhorn Ridge argillites in the greenschist 
facies for the Oregon batholith. Slightly 
earlier intrusions associated with the Oregon 
batholith are various metanorites and meta- 
gabbros (Taubeneck, 1957, p. 186, 191-197); 
such earlier intrusions are lacking in the Cali- 
fornia batholith. Later intrusions in the Oregon 
batholith are all more silicic than the main 
batholithic phases (Taubeneck, 1957, p. 186, 
206-211), but this does not apply to later in- 
trusions in the California batholith. (Cf, 
Tables 2, 4.) 

Table 9 compares modal and chemical data 
for the two batholiths. Also included are av- 
erage chemical compositions of tonalite and 
granodiorite, modified from Nockolds (1954, 
p. 1014-1015). Compared with equivalent 
rocks from the California batholith, tonalite 
from the Oregon batholith has more plagio- 
clase and less hornblende, and plagioclase is also 
more calcic; granodiorite from the Oregon 


clinic in the rim and triclinic in the core, and 
optic axial angles increase from rim to core 
(Taubeneck, 1957, p. 201, 206, Table 9). This 
indicates that the Oregon batholith crystal- 
lized at somewhat higher temperatures and/or 
lower water pressures than the California 
batholith (Yoder, Stewart, and Smith, 1957, 
p. 213). Chemical compositions of the rocks 
are closely similar, but tonalites and grano- 
diorites from the California batholith are ap- 
preciably higher in NagO than equivalent 
rocks from the Oregon batholith. 
Relationships between rocks of the two 
batholiths are well illustrated in a Ca-NaK 
diagram (Fig, 10). The trends from tonalite to 
granodiorite are different for the two batho 
liths. Figure 10 also shows the normal calc 
alkaline trend (Nockolds and Allen, 1953, p. 
107). The sequence of the Oregon batholith 
follows the normal calc-alkaline trend (Taub- 
eneck, 1957, p. 225), and the sequence of the 
California batholith does not, although the 
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wntact facies of both batholiths are very 
gmilar. 

Zircons of the Oregon batholith are the 
ame throughout, and even zircons from a con- 
ct tonalite are the same as those of other 
tonalites from the rim and granodiorites from 
the core of the batholith (Larsen and Polder- 
wart, 1957, p. 559-562; Taubeneck, 1957, p. 
116-221). No detailed study was made of zir- 
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zircons of the California batholith crystallized 
before the main rock-forming minerals. Zircons 
of later intrusions in the California batholith 
show distinct community with zircons of the 
main batholithic phases (Tables 6, 8). 


Assimilation Theory 


Compton (1955, p. 33-36) attributes the 
differentiation of the batholith to contamina- 


MZ NZ 
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A BALD MOUNTAIN, MAIN BATHOLITHIC PHASES 

e BALD MOUNTAIN, LATER INTRUSIONS 

NORMAL CALC-ALKALINE TREND (NOCKOLDS AND ALLEN, I953) 
x BALD ROCK, MAIN BATHOLITHIC PHASES (CALCULATED) 
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Ficure 10.—Ca-Na-K D1acram 


con habits, but careful examination of the zir- 
con concentrates failed to show any apparent 
variation in distribution of crystal habits. Zir- 
cons from the three later intrusions in the 
Oregon batholith are different from those of 
the main batholithic phases (Larsen and Polder- 
vaart, 1957, p. 560-562), and Taubeneck 
(1957, p. 229) concludes from this and other 
evidence that the later intrusions formed from 
discrete bodies of different magmas. 
Relationships of zircons in the California 
batholith are entirely different. In the main 
batholithic phases marked differences occur in 
distribution of crystal habits and in crystal 
dimensions between zircons of rocks of the core 
and those of the mantle of the batholith. As in 
all granitic rocks examined so far (Poldervaart, 
1956, p. 546-548; Larsen and Poldervaart, 
1957; Alper and Poldervaart, 1957), euhedral 


tion of trondhjemite magma by stoped meta- 
basaltic country rocks; about 25 per cent con- 
tamination accounts for the granodiorites and 
50 per cent contamination for the marginal 
tonalites. His reasons for this suggestion have 
been summarized. The concentric arrangement 
of granitic rocks, becoming more mafic toward 
the borders of the pluton, does not require as- 
similation and might be explained equally well, 
for example, by progressive crystallization of 
granodiorite or tonalite magma from the bor- 
ders inward. Cf. Hess (Walker, 1956, p. 450). 
This is evidently the way in which the Oregon 
batholith consolidated and differentiated and 
is wholly in keeping with considerations of cool- 
ing of bodies of magma and with results of ex- 
perimental petrology. The evidence of the two 
missing slices of country rocks in the Cali- 
fornia batholith, and the observation that the 
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rim rocks are thickest in just these two parts 
of the batholith, indicate a close relationship 
between these two facts but again do not neces- 
sitate assimilation. Undoubtedly the crescentic 
slices of country rocks were stoped during the 
emplacement of the batholith, but they may 
have been engulfed as small fragments or as 
large blocks. Lovering (1938) has shown that 
large blocks are more likely to sink in a magma 
than to be assimilated more or less in place. At 
Bald Rock, metabasaltic country rocks have a 
density of about 2.9-3.0, and the magma may 
have had a density of about 2.5; hence stoped 
blocks would be likely to sink. Since settling 
velocities vary in direct proportion with the 
square of the radius (for spherical particles), 
larger blocks should sink more rapidly. Comp- 
ton (1955, p. 34) also notes that the tonalite 
rim is thinnest in the two localities where the 
country rocks are silicic. However, this may 
be a chance relaticnship, since both localities 
are at ends of missing slices of country rocks. 
The thickness of the tonalite rim may be re- 
lated to the sunken, crescentic slices of country 
rocks, rather than to the composition of the 
country rocks at the batholith contacts. The 
heterogeneity of the tonalites and granodio- 
rites is not unusual and may be explained in a 
number of ways—for example, by postulating 
initial turbulence in the pluton. Inclusion 
swarms in the Bald Rock batholith are con- 
fined to the tonalite rims and the keel just east 
of the core; inclusions in the granodiorites are 
rare (Compton, 1955, p. 26). Impressions of the 
amount of contamination, based on observa- 
tions in these restricted areas, may easily be 
exaggerated. 

The writers have given a number of reasons 
why they doubt this theory of the origin of the 
rim rocks of the batholith. In summary their 
arguments are: 

(1) In the Or-Ab-An projection of the sys- 
tem Qu-Or-Ab-An (Fig. 3B), the trend of 
rocks of the batholith shows no tendency for 
displacement toward calcic plagioclase, but 
when continued beyond the most mafic rocks, 
the trend intersects the Ab-An side at about 
An4o_30- 

(2) Hornblende and biotite in the granodio- 
rites and tonalites (Fig. 4) do not show reaction 
relationships, as is generally observed in strong- 
ly contaminated rocks. 

(3) Compositions of the rocks show that the 
tonalites can form by contamination (Fig. 5) 
but that this would require assimilation of 
about 30-40 per cent metabasaltic xenoliths 
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by the magma along the rim of the batholith, 
This is considered unlikely. 

(4) Among the zircons of the granodiorites 
and tonalites are very few rounded to sub- 
rounded crystals, such as those that occur in 
the metabasaltic country rocks, and very few 
crystals with outgrowths and _ overgrowths 
which might indicate that zircons assimilated 
from country rocks have in part recrystallized, 
Since the euhedral zircons crystallized before 
the main rock-forming minerals, these observa- 
tions form strong arguments against pro- 
nounced contamination. 

(5) The distribution of zircon habits and 
sizes emphasizes a contrast between the core 
and the mantle of the batholith but remains 
approximately constant within each of these 
units. This pattern of distribution also does not 
support an origin of the rim rocks by con- 
tamination. 


Preferred Theory 


The writers postulate a region below the site 
of the present batholith, perhaps at a depth of 
30-40 km below the surface, where through 
unknown causes temperatures rose to about 
900° C. At these depths the rocks are almost 
certainly mafic and probably of basaltic com- 
position. At the temperatures and pressures in- 
dicated partial melting would occur, the partial 
melt remaining in the interstices of the mass 
and reflecting in its composition the chemical 
characteristics of the surrounding material. For 
example, in basaltic rocks the Na:K_ ratio is 
about 244:1 (Green and Poldervaart, 1958, 
p. 95-97); hence in partial melts of such rocks 
normative Ab:Or cannot exceed 7:3. 

The mass or mash of heated rock and inter- 
stitial melt would be more mobile and lighter 
than the surrounding rocks and would tend to 
rise, thereby assuming intrusive relationships 
toward rocks at higher levels in the crust. The 
mash is called ‘“‘migma-magma”’ by Read (1957, 
p. 308-309), who writes (p. 332): 


“Finally, the migma-magma may free itself 
completely from its plutonic associates and move 
high in the crust, even into non-plutonic regions, 
to appear there as the intrusive cross-cutting diapit 
granites, en massifs circonscrits. Since they art 
mechanically mobilized, their margins will be 
sharp and most of them will be attended by com 
spicuous aureoles of thermal type... . . Such granite 
bodies, formed from a semi-crystallized viscous 
migma-magma moving past mostly stationary 
walls, provide the field for Granittektonik: they 
make most of the plutons of Hans Cloos that sit 
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tween the regional structures and not in them. 
yme of them provide well-developed protoclastic 
features.” 

During the slow ascent of the migma- 
mgma, the magma would tend to collect in 
the upper-central parts of the column. The 
column would divide into a migma mantle and 
amagma core, with a broad gradation between 
mantle and core. At higher levels, tempera- 
wes would decrease slightly, but compara- 
ively larger decreases in total pressures would 
esult in the production of additional partial 
nelt in the migma mantle. Water was probably 
enclosed in the initial mass because heating was 
ister than diffusion of water out of the heated 
ocks. During ascent of the migma-magma 
wlumn the water would tend to diffuse out- 
ward and upward; hence at the same levels 
water concentrations would be higher in the 
outer parts of the migma mantle than in the 
wre. Strong differentiation would occur in the 
viscous migma before and during movements 
ind would be affected by partial melting, re- 
yated recrystallization of the solid phases, 
wstling, and gravity separation of heavier and 
nore refractory constituents. Chemically there 
would be a strong tendency toward equilibrium 
tetween solid and liquid phases. 

The writers suggest that the Bald Rock 
tatholith was emplaced initially by forceful in- 
ection of a column of trondhjemite magma 
wth a thin mantle of tonalite-granodiorite 
nigma, most of the migma mantle remaining 
telow the present level of exposure. Early in 
the emplacement of the batholith, the western 
ice of metabasaltic country rocks was isolated, 
wk into the viscous border migma, and 
bought about an upward displacement and en- 
lagement of the migma mantle in this part of 
the batholith. A similar event occurred in the 
astern wall of the batholith, probably after 
the initiation of crystallization in the magma. 
The suggested difference in time between these 
wo events is indicated by the much broader 
gradation between granodiorite and trondh- 
jemite in the west than in the east (Compton, 
955, p. 31). The keel in the batholith (Fig. 2) 
nd cover smaller subsurface blocks of meta- 

t. 
_ This theory appears to fit the available data 
Mevery respect. It is in good agreement with 
the flow, swirl, and protoclastic structures de- 
xtibed by Compton (1955, p. 26-30). In the 
Oregon batholith a granodiorite magma was 
consolidated, and the marginal tonalites were 
the earliest products of magmatic crystalliza- 
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tion; in the California batholith the magma 
was trondhjemitic, and the migma was tonalitic 
to granodioritic. Also in agreement is the grad- 
ual decrease in hornblende in the rocks of the 
Oregon batholith (Taubeneck, 1957, p. 198- 
199, 205) and the more abrupt disappearance 
of hornblende in the California batholith. In 
the Oregon batholith the rate of magmatic 
consolidation from the contacts inward ex- 
ceeded the rate of diffusion of water toward the 
cooler margins of the pluton (Cf, Kennedy, 
1955, p. 490), and water was concentrated in 
the residual magma during crystallization. 
This resulted in development of pyroxene 
hornfels facies in the contact argillites (Taub- 
eneck, 1958) and the change from sodic ortho- 
clase in the marginal tonalites to microcline in 
the granodiorites of the core. In the California 
batholith the migma mantle had higher water 
concentrations than the magma core; hence 
contact metabasalts are only hornblende horn- 
fels facies (Fyfe, Turner, and Verhoogen, 1958, 
p- 201), and microcline becomes more sodic 
from tonalites of the mantle to the trondh- 
jemites of the core. Small amounts of fluorite 
have been found in BB 2/131, a granodiorite 
near the contact of the batholith, but no 
fluorite occurs in rocks from the core. The lack 
of reaction relationships between hornblende 
and biotite in the mantle rocks is attributed 
to repeated recrystallization of the solid phases 
of the migma, which results in discrete crystals 
of these two minerals. The moderate hetero- 
geneity of the marginal tonalites agrees with 
the concept of the outer parts of the migma 
mantle consisting largely of solid phases. The 
finer grain size of the marginal tonalites (Fig. 
4) might be regarded as evidence of chilling of 
magma against the country rocks. This would 
argue as strongly against the contamination 
theory as against the migma-magma theory ad- 
vanced here and leaves the problem of why 
two nearly identical tonalitic magmas in the 
Oregon and California batholiths should evolve 
along such radically different trends (Fig. 10). 
However, a decrease in grain size is not neces- 
sarily the result of chilling and may also be 
produced by metamorphism (Poldervaart, 
1953, p. 260-261). In the present case the dis- 
placement of the stoped crescentic slices of 
country rocks by highly viscous marginal 
tonalitic migma probably resulted in recrystal- 
lization of the tonalites to a smaller grain size. 

The particular value of zircon studies for 
granitic rocks is that such data yield clues con-, 
cerning the homogeneity or heterogeneity of 
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the environment at the earliest stages—z.e., be- 
fore the formation of the main constitutent 
minerals of the rocks. (Cf, Larsen and Polder- 
vaart, 1957, p. 562-563.) At Bald Mountain, 
Oregon, the zircon data confirm that in the 
earliest stages of this pluton, during the crystal- 
lization of euhedral zircons, there existed a 
homogeneous environment, which the writers 
interpret as a uniform melt. At Bald Rock, 
California, the zircon data show that a homo- 
geneous environment existed in the core of the 
batholith, again interpreted as magma, and a 
different and somewhat heterogeneous environ- 
ment was present in the mantle. These obser- 
vations are in complete agreement with the 
concept of a migma mantle in which zircons 
recrystallized in the solid phases to nonpris- 
matic, euhedral crystals (Table 6, habit 3) and 
in the interstitial melt crystallized to prismatic, 
complex crystals (Table 6, habit 2) like those 
found also in the core of the batholith. Re- 
peated recrystallization of migma and high 
water concentrations may explain the slightly 
larger size of the zircons in the tonalites. Mi- 
gration of interstitial magma from migma 
mantle to magma core, similar in its effects to 
filter pressing, can account for the anomalously 
low zircon yields of the core rocks and the 
higher yields from the more mafic rocks of the 
mantle. 

Alternative theories that have been con- 
sidered carefully by the writers but rejected 
are: 

(1) Assimilation. Reasons for rejection of 
this theory have been detailed. 

(2) Mixing of two magmas. In this theory 
the earlier magma would have to be tonalitic, 
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partly consolidated at the time of emplace. | 
ment of a trondhjemitic magma, and the | 
granodiorites would represent the products of 
mixing. Neither field evidence nor zircon data | 
support this theory. 

(3) Liquid immiscibility. To explain the 
zircon data, immiscibility would have to occur 
before the crystallization of the main rock- 
forming minerals. The theory was rejected be- 
cause no evidence from experimental petrology 
supports it. 

(4) Crystallization of zircon before and 
after emplacement of the batholith. This theory 
fails to explain the concentration of nonpris- 
matic, complex zircons in the mantle and of 
prismatic zircons in the core of the batholith. 
No evidence indicates resorption of the non- 
prismatic, complex zircons (Table 6, habit 3), 

The writers conclude that the migma-magma 
concepts advanced here appear to be the only 
theory fully supported by the available field 
and laboratory data. Chemically the concept 
of migma-magma may be indistinguishable 
from that of partly crystallized magma, since a 
partial melt may be as nearly in equilibrium 
with residual crystals (migma-magma) as are 
the mineral phases which crystallize from a 
magma (crystals-residual magma). Of great 
geological interest is the direction of approach 
to equilibrium, in the first case by partial melt- 
ing of rocks, in the second by partial crystal- 
lization of magma. Physical methods, such as 
those applied in the study of zircons in rocks, 
are likely to yield information on the direction 
of approach to equilibrium in these granitic 
rocks. 
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Taste 1.—Anatysgs or Rocks rrom Umnaxk anp Bocostor Istanps, ALEUTIAN IsLANDS, ALASKA 
Abundance of minor elements determined spectrographically. 


Northeastern Umnak 
i 1A 2 3 4 5 6 7 8 9 10 it 12 13 14 15 16 17 18 19 20 21 22 23 
Mayor Oxipes 
(Weight per cent) 
SMB SMB SMB SMB 
§ oo RLH WWB FMB FMB RLH FMB WWB FMB FMB FMB RLH RLH WWB WWB WWB 4 
% LMS EJT WWH LMS MKC LMS WWH WWH LMS WWH WWH WWH LMS WWH FMB WWH WWH LMS LMS FMB MKC LMS LMS LMS L 
ae SiOeg 45.7 48.07 48.43 48.7 48.97 50.1 50.52 50.60 51.4 5228 52.43 52.58 153.1 54.35 54.41 54.80 57.40 63.5 65.6 72.36 42.44 54.3 56.0 57.4 5 
AlgO3 12.9 15.61 18.94 14.9 16.27 23.0 19.71 18.06 14.4 17.04 15.27 14.97 18.4 16.38 15.77 14.90 15.49 16.1 14.1 13.75 13.29 18.0 15.6 18.2 e 
Fe2O3 3.6 2.34 4.15 4.7 2.83 2.6 1.67 2.99 6.3 3.22 5.96 3.86 4.5 3.01 4.27 2.88 1.97 1.4 2.0 0.59 1.48 5.7 2.1 2.0 y. 
FeO 5.6 6.98 6.30 3.4 6.24 5.4 6.82 6.75 1.3 6.60 6.99 8.81 3.2 8.00 6.55 9.00 7.86 5.0 3.8 2.33 1.55 7.8 4.8 5.0 4 
MgO 18.2 12.68 6.55 4.2 9.62 3.6 4.64 5.58 1.5. 5.54 4.13 4.00 3.4 3.34 4.02 3.00 2.94 5.2 0.49 0.09 0.08 3.8 8.8 4.0 q 
CaO 9.6 10.76 11.04 7.8 12.86 11.6 11.96 11.46 8.4 10.39 8.70 8.64 P25 8.08 8.29 715 6.74 3.8 2.8 1.53 1.27 7.9 7.7 7.7 ¢ 
NagO i:7 1.86 251 24 2.00 2.4 2.718 2.73 4.4 2.97 3.50 3.47 2.8 3.66° 3.50 3.83 3.96 4.6 4.3 4.64 4.72 3.4 2.4 2.9 4 
> KeO 0.52 0.98 0.52 0.92 0.54 0.44 0.58% 0.53 ha 0.78 1.24 | 4 1.4 1.32% 1.26 1.23 1.53 2.6 3.0 4.16 4.06 1.0 1.6 1.4 
0.09 0.12 0.09 0.08 0.17 0.128 0.20 0.20 1.14 0.08° 0.09 0.20° 0.27 0.10 
Ignition® Ho | —0.164 0.07 0.11 10.1 0.04 —0.13¢ 0.01% 0.05 6.3 0.06° 0.11 0.07 pe 0.04¢ 0.02 0.09% 0.09% —0.084 3.4 0.03 0.02 —0.20¢ 0.03 0.20 : 
(Oe 0.51 0.73 1.20 1.2 0.72 0.74 0.97 1.10 0.93 1.24 1.48 1.80 1.0 1.25 1.56 2.48 1.54 0.81 0.64 0.21 0.21 1.2 0.66 0.90 
Kc POs 0.10 0.12 0.27 0.22 0.13 0.11 0.19% 0.28¢ 2.4 0.25% 0.36 0.38 0.30 0.33° 0.25 0.65 0.32° 0.23 0.16 0.06 0.06 0.32 0.17 0.16 OF 
i MnO 0.19 0.17 0.17 0.20 0.18 0.13 0.18% 0.16° 0.23 0.19% 0.17 0.21 0.14 0.15° 0.21 0.25 0.18% 0.22 0.18 0.09 0.10 0.18 0.12 0.10 & 
; Total 98 .62 99 .97 100.31 98.44 100.49 100.12 100.04 100.46 98 .66 100.63 100.54 100.21 99.85 99.99 100.20 100.44 100.22 99.46 100.47 100.11 99.71 99.60 99.98 99.96 
f Powder Sp. Gr. 3.02 a> 2.97 2.49 3.0° 2.80 2.86 2.96 255 2.94 2.89 2.93 2.78 2.88 2.8¢ 2.92 2.83 2.58 2.45 2.4¢ 2.4¢ 2.79 2.88 2.81 > 
Mrnor Exements’ 
.002 .0006 .0009 .0007 .0007 .001 -001 -0007 001 .001 .0008 
Y .003 002 002 005 006 002 007 .007 01 004 002 
B .006 .002 002 
x 08 1 05 .09 1 1 05 .06 1 .02 .05 03 
; Ba 06 03 01 02 03 03 05 .03 05 .09 02 05 
Pb 001 . -001 005 
M 
rn 004 02 003 02 03 .04 .007 Ol 008 004 009 006 
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Total .0959 .2107 . 146 .2017 .1618 1167 1208 
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si 27.0 5.1 6.0 11.3 9.2 9.5 12.6 14.0 16.5 17.2 21.3 35.2 37.5 35.0 ee 12.4 fs 1.1 - | 
Be 24.5 6.1 9.4 8.3 10.0 aS 10.0 9.5 15.6 8.9 16.7 2.8 22.8 27.8 9.4 17.2 ue 18.3 — 
39.8 28.8 20.4 24.6 30.4 45. } 38.3 51.4 35.6 29.3 29.3 29.3 18.7 2 34.6 
a 1.2 2.9 4.4 2.2) 2.1 12 2.6 1.6 2:7 9.6 3.0 
0.17}2.47 1.3}5.8 3.1}8.4 1.3}4.3 1.2}4.1 0.5}2.4 0.9}5.2 1.2}4.8 0.7}3.2 2.3}5.0 7.4$18.2  2.6}5.6 12.0 5 
2 1.6 0.9 0.8 1.7 1.2 0.9 1.2 sui 
ty 0.03 8.2 18.9 8.7 8.3 4, \ 3.1 4.3 23 17 1.8 9.5 0.5 0.2 e 0.1 be pa 
j 2.1 2.6 3.0 3.0 3.3 3.9 3.0 27 3.0 5.3 3.0 3.3 0.7 * 8.8 2.5 6.7 2.3 4 
0.4 2.4 1.2 is 2.3 2.0 2.0 2.1 1.5 1.4 1.5 1.4 0.3 0.5 2.7 1.1 0.6 0.9 % 
i) 0.1 0.7 0.3 0.3 1.0 1.0 1.0 0.3 0.5 0.4 0.7 0.3 0.2 0.07 0.8 0.7 13 1.0 * 
2 99.42 99.8 99.9 99.6 100.0 99.0 100.8 101.0 100.3 99.8 99.1 97.8 98.7 99.57 99.4 100.2 100.7 98.7 m 
pl 
re 384 148 141 167 169 207 203 200 240 248 270 286 471 473 105 204 % 
_ Dad 23 31 30 31 32 31% 35 31% 38 28 48 47 244% 37 fi, 
32 26 31% 23 52% 8 7% 38 19 


Y 003 002 002 006 .002 007 007 01 004 
Sr 08 09 1 .05 06 ‘02 
Ba 06 03 01 02 03 .05 03 -05 -09 02 
Pb 001 Fe 001 & .005 
cu “004 02 ‘02 ‘03 ‘04 007 ‘004 “009 
Vv .03 03 02 .02 .03 .05 02 02 -02 02 
Cr ‘07 03 004 004 ‘Ol :007 003 "0007 
Ni .03 01 .001 .004 .002 .004 -001 .001 
Co .007 004 -002 -002 .002 .003 -002 -002 
Total .286 2368 .0959 .1717 2107 252 146 141 -2017 -1618 1167 1208 
C. 1, P. W. Norms 
(Weight Per Cent) i 
Q 12.1 4.6 2.8 4.9 S57 10.1 4.8 6.7 8.3 14.5 21.5 25.2 27.0 6.0 11.3 
or 2.8 2.8 3.1 5.6 2.8 2.8 3.5 3° §7 45 33 Re 33 33 33 7.2 8.9 15.6 17.8 24.6 24.5 6.1 9.4 8.3 
b 14.2 15.7. 21,2 17.8 16.8 20. 3 : \ \ \ \ 3 38. 36. 39.3 39.8 28.8 20.4 24.6 
8.6 8.2 5.9 3.6 12.1 7.6 8.1 4.2 7.8 3.0 5.3 6.6 4.7 4.8] 1.0 2 3.2 4.2 2.9 4.4 
dijen 6.6716 .3 S.7715..7 3.9711.4 2.976.8 8.3+23.2 1.475.3 4.0715.0 4.8715.7 3.6/7.8 4.8715.4 4.7715.0 3.7715.4 2.45.7 2.4¢11.0 3.9712.9 1.979.4 1.979.5 0.3)2.1 0.372.4 0.12.5 0.1772.47 1.375.8 3.1/8.4 1.374.3 
en 8.7 10.6 7.6 6.6 A 5.4 0.9 0.2 0.03 8.2 18.9 8.7 
hy fs 03 2.0 28 11.5 42 14.8 05 8.1 22 8.8 5.9 13.5 6.4 13.9 56 14.6 io 0.1 5.1 14.1 3.2 8.8 6.6 12.8 0.4 6.8 74 13.3 3.9 10.0 78 13.3 7'8 13.2 62 8.9 3. Aa 4.5 24 2.6 0.22 0.25 95 17.7 53 24.2 5.3 14.0 
mt 5.3 3.5 6.0 6.7 4.2 3.7 2.4 4.3 2.3 4.7 8.7 5.6 6.5 4.4 6.2 4.2 2.9 2.1 3.0 0.9 2.3 2.6 3.0 3.0 
il 0.9 1.4 2.3 23 1.4 1.4 1.8 aM, | HH 2.4 2.8 3.4 2.0 2.4 2.9 4.7 y £5 12 0.4 0.4 2.4 5.2 3 
ap 0.3 0.3 0.6 0.6 0.3 0.3 0.4 0.7 a7 0.6 0.8 0.9 ra 0.8 0.6 1.6 0.8 0.3 0.3 0.1 0.1 0.7 0.3 0.3 
Total 98.3 99.8 100.1 88.4 100.4 100.2 100.0 100.2 92.3 100.4 100.2 100.1 98.4 100.1 100.0 100.3 100.0 99.4 be 7 100.0 99.42 99.8 99.9 99.6 ' 
Nicctr 
a 83 98 110 150 103 124 122 120 175 129 134 136 48 148 146 155 170 236 286 372 384 148 141 167 \ 
al 14 19 25 27 20 33 28 25 29 25 23 23 26 25 25 27 35 36 42 42 29 23 31 
fm 64 54 42 39 46 29% 34 39 24 4014 42 42 2 38 40 41 37% 7 | 244% 13 13 37 4744 34 
19 23 27 26 29 31 31 29 31 27 24 24 8 24 24 22 2% 15 13 8 rj 23 21 24 
alk 3% 4 6 8 5 6% f 7 17 7% 11 11 10 12 il 12 14 23 26% 37 38 ll 844 ll 
k 0.16 0.14 0.12 0.23 0.14 0.11 0.12 0.11 0.14 0.15 0.19 0.19 0.25 0.19 0.19 0.17 0.20 0.27 0.32 0.37 0.37 0.17 0.30 0.24 
mg 0.78 0.72 0.53 0.49 0.66 0.45 0.49 0.51 0.32 0.50 0.37 0.36 0.45 0.35 0.40 0.31 0.35 0.25 0.13 0.05 0.05 0.42 0.70 0.51 
qz —31 —18 -14 18 7 -1 —10 8 0 2 7 14 44 80 124 134 4 7 23 
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Abstract: This paper tentatively relates the com- 
wrative petrology and chemistry of three volcanic 
gites on Umnak and Bogoslof islands in the eastern 
art of the Aleutian Island arc to tectonic position 
vith respect to the axis of the arc. 

Umnak is a large geologically complex island on 
the Aleutian Ridge; Bogoslof, 22 miles north of 
Umnak, is the top of a Recent, largely submarine 
volcano that rises about 5000 feet from the floor of 
the Bering Sea basin. Southwestern Umnak is un- 
derlain by a pre-Quaternary basement of low-grade 
netamorphic rocks and post-Oligocene mediosilicic 
jlutonic rocks, which are overlain by two Quater- 
wry andesitic stratovolcanoes. Northeastern Um- 
uk is underlain by a late Tertiary(?) and Quater- 
wry basaltic shield volcano with a large central 
aldera. The lavas exposed at Bogoslof in 1947 con- 
isted largely of historically dated volcanic domes 
ranging in composition from hornblende andesite 
to hornblende basalt. 

Fractional crystallization was probably the dom- 
inant process in the formation of quantitatively 
minor andesite and rhyolite masses associated with 
the basaltic shield volcano of northeastern Umnak. 
An extensive blanket of welded andesitic agglomer- 
ate and subordinate rhyodacite ash associated with 
the caldera-forming eruption of the basaltic shield 
volcano probably owes its composition to a com- 
bination of processes, including fractional crystal- 
lization, mixing with remelted basalt wall rock, and 
possibly assimilation of sialic rock. 

Most volcanic rocks of southwestern Umnak are 
similar in composition to the underlying plutonic 
rocks now exposed. The relatively high chromium 
and nickel in the southwestern Umnak quartz dio- 
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rite and in its extrusive equivalent, the hypersthene- 
bearing labradorite andesite, indicate that these 
rocks probably did not originate from fractional 
crystallization of less siliceous rock. The presence 
of hypersthene in the andesites of southwestern 
Umnak is probably related to their high aluminum 
content ultimately derived by assimilation of alu- 
minous sedimentary rocks. A similar origin is 
postulated for the hypersthene in the High Cascade 
lavas. 

The slightly alkalic lavas of Bogoslof, typified by 
hornblende, became progressively less siliceous from 
1796 to 1927, but the magmatic diversification in 
the underlying chamber may have been well ad- 
vanced prior to 1796. 

The petrochemical differences in the three vol- 
canic suites of Umnak and Bogoslof are probably 
related to tectonic position with respect to the 
Aleutian Ridge. The hypersthenic aluminum-rich 
lavas of southwestern Umnak were probably gen- 
erated at relatively shallow depth from pre-existing 
plutonic rocks of similar composition. The position 
of the andesitic volcanoes on a high-standing, pos- 
sibly upwarped erosion surface is in accord with 
Benioff’s proposal that the maximum heat would 
be generated in the crust at the zone of maximum 
bending across a volcanic arc. The dominantly 
tensional features associated with the basaltic shield 
volcano on northeastern Umnak are in accord with 
its position on the north flank or inner side of the 
arc, where a zone of tension may prevail. The 
slightly alkalic rocks of Bogoslof Island are derived 
possibly from a tension fracture normal to the arc 
in the Bering Sea basin. 
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INTRODUCTION 


General Statement 


One of the fundamental problems of igneous 
petrology is the relationship of magma types 
to tectonic position in an orogenic belt. Umnak 
and Bogoslof islands (Fig. 1) are astride an ac- 
tive region in the eastern part of the Aleutian 
volcanic arc. This part is assumed to have the 
same broad tectonic pattern as deduced from 
U. S. Geological Survey investigations in the 
western part of the arc and in the Alaska Pen- 
insula region at the continental end of the arc 
(Fig. 1), where the geologic relationships are 
more clearly exposed. Byers (1959, p. 267-369) 
has recorded the local geologic relationships of 
the units represented by the rock specimens. 

The depth and mode of magma generation 
can only be hinted at without geophysical evi- 
dence; this paper gives primarily petrochemical 
evidence. Hence, the conclusions reached here 


will be modified as our knowledge and under- 


standing grow. 
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General Geologic Setting 


The Aleutian Ridge is paralleled on the south 
by the Aleutian Trench (Murray, 1945, Pl. 3). 
The Aleutian Ridge along much of the arc is 
seemingly the marine-abraded crest of an in- 
termittently rising segment of the Earth’s crust, 
as indicated by its flat top just above the 100- 
fathom contour (PI. 1) and by many flat, nearly 
horizontal surfaces, many tens to hundreds of 
feet above present sea level (Byers, 1959, p. 
348; Coats, 1956, p. 86; Fraser and Barnett, 
1959, p. 215, Pls. 27, 32; Fraser and Snyder, 
1959, p. 400-401; Snyder, 1957, p. 166). The 
north side of the Aleutian Ridge has been in- 
terpreted as a zone of normal faulting with the 
Bering Sea basin down on the north (Gates 
and Gibson, 1956, p. 140-142; Fraser and Bar- 
nett, 1959, p. 232-233; this writer’s interpreta- 
tion of Snyder, 1957, Pl. 22). Transverse faults 
offsetting the major parallel structural features 
have been noted in the western portion of the 
Aleutian arc (Snyder, 1957, p. 164; Fraser and 
Barnett, 1959, p. 234). The Aleutian Trench 
has doubtless been subsiding during recent 
geologic time, for a flat-topped seamount or 
guyot has been depressed into the trench nearly 
6000 feet below adjacent seamounts outside the 
trench (Menard and Dietz, 1951, p. 1280). 
Most writers now agree that as the ridge of an 
island arc rises, the trench subsides. This gen- 
eral structural interpretation is the basis for the 
discussion relating magma suites to tectonic 
position with respect to the Aleutian Ridge and 
Trench in the final part of this paper. 

Umnak and Bogoslof islands can be divided 
conveniently into three volcanic subprovinces: 
southwestern Umnak Island, northeastern Um- 
nak Island, and Bogoslof Island (PI. 1). Umnak 
Island has an area of 675 square miles and rises 
above the Aleutian Ridge. The Quaternary an- 
desitic stratovolcanoes of southwestern Umnak 


are separated from the low basaltic shield vol- 
cano of northeastern Umnak by a narrow isth- 
mus, where only the pre-Quaternary basement 
rocks are exposed. Bogoslof, a tiny volcanic is- 
land 22 miles north of Umnak (PI. 1), is the top 
of a largely submerged volcano that rises about 
5000 feet from the floor of the Bering Sea basin, 
The petrography, chemistry, and physical ex- 
pression of these three volcanic subprovinces 
are believed to show differences not previously 
emphasized except in an abstract by Byers 
(1952). 

The oldest (Tertiary?) rocks are exposed be- 
neath the high-standing glaciomarine platform 
of southwestern Umnak and consist of an albi- 
tized sedimentary and igneous complex in- 
truded by plutonic rocks. The albitized com- 
plex is exposed near sea level on southwestern 
Umnak and includes folded argillite (31)', tuff, 
keratophyre flows (29), and intrusive rocks 
(25). Post-Oligocene plutonic rocks, largely 
quartz diorite (24), intrude the complex. Gran- 
ophyre dikes (33) cut the quartz diorite and are 
associated with a wide aureole of potassium 
feldspathized quartz diorite. A similar potas- 
sium feldspathization has affected part of the 
rocks mapped as the volcanic rocks of central 
Umnak (12; see also Table 4, 12A, 12B), indi- 
cating that this portion is prepluton in age. A 
sequence of unaltered lava flows southwest of 
the isthmus was included with the volcanic 
rocks of central Umnak because it underlies the 
Quaternary lavas of Mount Recheschnoi. This 
sequence may be as young as early Quaternary. 
The geologic and paleontologic evidence for 
the geologic ages of the pre-Quaternary rocks 
(Byers, 1959, p. 282-290, 293-295) is based 
largely on work done at adjacent Unalaska Is 
land (Harald Drewes, G. D. Fraser, G. L. 
Snyder, and H. F. Barnett, Jr., oral communi 
cation, 1960). 

Two Quaternary volcanoes, Mount Reches 
chnoi and Mount Vsevidof, overlie, with an 
erosional unconformity, the older basement 
rocks on southwestern Umnak (PI. 1). Mount 
Recheschnoi is a deeply glaciated ridge rem 
nant of a composite stratovolcanic cone, whose 
summit is about 6500 feet in altitude. It is 
composed largely of hypersthene-bearing ait 
desite (23, 27). Satellitic lavas of Mount Re 
cheschnoi consist of mafic phenocryst basalt 
flows of Kshaliuk Point, rhyolite domes (32), 
and a quartz-olivine andesite flow (22) of early 


1 Numbers of specimens refer to columns in Tables | 
and 2; locations of specimens are shown on Plate 1. 
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INTRODUCTION 


Recent age. The mafic-phenocryst basalt flows 
are similar to those of northeastern Umnak but 
are on the northwest side (Pl. 1) closer to the 
Bering Sea side of the Aleutian Ridge than 
Mount Recheschnoi. Mount Vsevidof is an 
only slightly dissected symmetric cone rising 
to about 7000 feet above sea level. It is com- 
posed of an older sequence of basaltic andesite 
(21) and sparsely hypersthene-bearing andesite 
flows, an intermediate sequence of pyroclastic 
thyodacite pumice (30) and andesite scoria beds 
(26) of a culminating summit eruption, and a 
younger sequence of andesite and basaltic an- 
desite flows, including an historic(?) latite flow 
28). 

Okmok Volcano on northeastern Umnak is a 
low basaltic shield volcano with a central cal- 
dera 6 miles in diameter and averaging 1000 
feet in depth. The rim of the caldera ranges 
from only 3000 to 3500 feet in altitude in con- 
trast to the higher stratovolcanoes of south- 
western Umnak. The caldera wall has been 
breached on the northeast side by a steep- 
walled gorge, through which Crater Creek 
flows (Pl. 1). The rocks of Okmok Volcano are 
divided into precaldera rocks; the Okmok vol- 
canics, which are the deposits associated with 
the caldera-forming eruption; and postcaldera 
rocks within Okmok Caldera. 

The precaldera rocks of Okmok Volcano in- 
clude a variety of primitive basalt types and 
quantitatively minor silicic lavas. The Ashishik 
basalt is the oldest formation and may include 
flows as old as latest Tertiary. It consists of 
nearly aphyric (nonporphyritic) and less com- 
mon porphyritic mafic basalt flows, typified by 
specimens 1, 1A, 4, and 9. Satellitic cones of 
plagioclase-olivine basalt (2) rest on and in part 
intertongue with the uppermost flows of the 
Ashishik basalt. Vitreous andesite occurs as 
pipes which intrude the Ashishik basalt and as 
flows overlying the basalt. A rhyolite dome (19, 
20) rests on the basalt on the northeast side of 
Okmok Volcano. The youngest precaldera unit 
is the largely aphyric Crater Creek basalt (10, 
11) of latest Pleistocene or early Recent age 
(Byers, 1959, p. 309-314). 

The Okmok volcanics are products of the 
caldera-forming eruption of Okmok Volcano. 
The lower part of the formation is composed of 
two thick unsorted andesitic agglomerate beds, 
each of which is welded in the middle (13, 16). 
The upper part of the Okmok volcanics con- 
sists of sorted ash, bomb, and lapilli beds. One 
ash bed is rhyodacitic (18), and fragments of 
Vitreous andesite and latite (17) occur in the 
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lapilli beds. The unsorted andesitic agglomerate 
beds in the lower part were most likely de- 
posited by glowing avalanches (nuées ardentes) 
erupted during the earlier stage of the caldera- 
forming eruption, whereas the overlying sorted 
beds were the result of dominantly gas-charged 
explosive eruptions, as indicated by the well- 
sorted ash and lapilli beds (Byers, 1959, p. 321- 
322). Shortly after the culminating eruptions 
of Okmok Volcano, a circular segment at the 
summit subsided to form Okmok Caldera. 

An aeromagnetic contour map of northeast- 
ern Umnak compiled by Keller, Meuschke, and 
Alldredge (1954, p. 565) reflects mainly the 
more prominent features of the topography, 
except for a large positive anomaly (500 gam- 
mas) centered within Okmok Caldera. They 
attribute the anomaly to a magnetic suscepti- 
bility contrast of the underlying rocks; L. C. 
Pakiser (Oral communication, 1960) has sug- 
gested a further refinement: that a formerly 
extrusive or shallow intrusive body of mafic 
basalt is veneered by andesitic pyroclastic rocks 
within the caldera. 

Postcaldera volcanic rocks and deposits with- 
in Okmok Caldera are dated relative to the 
stages of a caldera lake (Byers, 1959, p. 324- 
329). They include early postcaldera basaltic 
pyroclastic deposits (3), porphyritic basalt flows 
(7), and sediments of volcanic derivation. 
Younger subaerial basaltic cones and flows (6, 
14) were extruded after the caldera lake had 
been drained because of the erosion of the out- 
let. An anorthite basalt flow (6) was extruded 
from a cone within the caldera as recently as 
December 1945. Anorthite basalt flows (5) near 
Inanudak Bay (PI. 1) cannot be dated with re- 
spect to the formation of the caldera, but their 
undissected condition suggests that they too 
are postcaldera. 

Volcanic activity on Umnak Island during 
1946 to 1948 was shown by fumaroles of cones 
A and C (See Pl. 1), thermal springs of cone D, 
and thermal springs and fumaroles south of 
Inanudak Bay (Byers and Brannock, 1949, p. 
721-731). 

Jaggar (1908, p. 385-400) summarized the 
geologic changes in Bogoslof Volcano, and 
Byers (1959, p. 357-361) indicated the changes 
from 1908 to 1953. Ship Rock, at the present 
site of Bogoslof, was first seen by Russian navi- 
gators in 1768. It was destroyed by marine 
erosion toward the end of the nineteenth cen- 
tury. A hornblende andesite dome (35, 37; 
Fenner, 1926, p. 706) known as ‘‘Old Bogo- 
slof” was extruded in 1796. Its eroded remnant 
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forms the southwestern part of Bogoslof Island 
(Pl. 1) and is shown on U. S. Coast and Geo- 
detic Survey charts as Castle Rock. The horn- 
blende basalt dome of Fire Island or ‘‘New 
Bogoslof” (36; Merrill, 1885, p. 33) was ex- 
truded | mile north of ‘‘Old Bogoslof” in 1883, 
following a violent eruption. Domes were ex- 
truded in 1906, 1907, and 1910, but they were 
soon destroyed by volcanic explosion and ma- 
rine erosion. Basaltic agglomeratic ash erupted 
in 1926, and a basalt dome (34) extruded in 
early 1927 formed most of the area of the island 
in 1947. 


SUMMARY OF PETROCHEMICAL 
DATA 


Introductory Statement 


Chemical and petrographic modal analyses of 
36 specimens (Tables 1, 2) constitute the basic 
data on which the petrologic interpretation is 
made. Two possibly inferior chemical analyses 
of specimens from Bogoslof from the literature 
(Merriil, 1885, p. 33; Fenner, 1926, p. 706) are 
also included in Table 1. Nineteen of the speci- 
mens were analyzed spectrographically for mi- 
nor elements, and augite phenocrysts from one 
of the analyzed specimens were analyzed for 
both major and minor constituents (Tables 3, 
6). Partial analyses were also made of two rocks 
(Table 4) and of olivine and anorthite (Table 
6) that occur as phenocrysts in analyzed lavas. 
From the bulk chemical analyses of the por- 
phyritic lavas and also the chemical composi- 
tion of phenocrysts, known or inferred from 
optical properties, the approximate chemical 
compositions of the lava groundmasses can be 
computed (Table 5). Analyses of specimens of 
several plutonic and metasomatic rocks of the 
pre-Quaternary basement are compared with 
analyses of Quaternary glassy and aphanitic 
volcanic rocks which are known to have been 
liquid prior to consolidation. About 150 addi- 
tional specimens similar to those analyzed were 
studied only in thin section; these results 
(Byers, 1959) serve to extend the volumes of 
rock represented by the chemical analyses. 


Mmeralogy and Petrography 


Methods. ‘The 36 chemically analyzed speci- 
mens were studied in thin section, and the re- 
fractive indices of their constituent minerals 
were determined in immersion oils. The volume 
percentages of the minerals (the modes) were 
determined with an adapted mechanical stage 
as described by Chayes (1949). A 4-axis uni- 
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versal stage was used for 2V determinations and 
for measuring the optic orientation in the 
analyzed minerals and clinopyroxenes. Refrac- 
tive-index determinations were made using a 
sodium vapor lamp and immersion oils, cali- 
brated at 25°C., the average room temperature, 
Richard C. Erd of the Geochemistry and 
Petrology Branch, U. S. Geological Survey, 
checked a few of the writer’s refractive-index 
determinations to within 0.001. Only those 
optical properties were determined which were 
diagnostic for inferring chemical composition, 
using previously determined curves, chiefly 
those relating 2V and refractive indices to 
chemical composition (Tsuboi, 1925, Pl. 1; G. 
C. Kennedy, 1947, p. 562-567; Hess, 1949, PI. 
1; Poldervaart, 1950, p. 1067-1079). An un- 
zoned anorthite phenocryst inferred by Calkins- 
Hess refractive index curves (Kennedy, 1947, 
Figs. 1, 2) to be Angs (Table 2, no. 5) actually 
contained Ang;, as shown by partial chemical 
analysis of the alkalies (W. W. Brannock, writ- 
ten communication, 1951). 

The estimation of average refractive index in 
zoned plagioclase phenocrysts in the intermedi- 
ate range was more troublesome (See Wilcox, 
1954, p. 291). For specimens of porphyritic an- 
desite, in which phenocrysts contained a thick 
outer jacket of plagioclase differing greatly in 
An content from the core, a sample of the rock 
was powdered and sieved, and the ratios of the 
two plagioclases were determined by grain 
count in an immersion oil between the two 
ranges of indices. In thin section the relative An 
content of the plagioclase zones in a phenocryst 
could be determined by means of extinction 
angles on (010) (Emmons, 1953, Fig. 51; 
Duparc and Reinhard in Winchell, 1933, Fig. 
275); these An values differ by as much as 20 
per cent from those inferred from refractive: 
index curves, owing to the fact that the plagio- 
clase was the high-temperature form (Kohler, 
1949; Wilcox, 1954, p. 291) or to other struc: 
tural irregularities (Emmons et al., 1953, p. 11- 
12). All plagioclase compositions shown in 
Table 2 are inferred from refractive-index de 
terminations. 

Variations in the molecular components of 
the principal rock-forming minerals having two 
end members are shown in Figure 2 with re- 
spect to silica content of the rocks. The clino 
pyroxenes are plotted in Figure 3 on an atomic 
Mg-Ca-Fe triangular diagram, after Hess (1949, 
Pl. 1). Certain features of the mineral or pheno 
cryst variation pertinent to the three volcanic 
suites are emphasized hereafter. 
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Variation of mineral composition with respect 
to rock type. Olivine phenocrysts range in 
composition from Fog» to Foe; in the lavas of 
northeastern Umnak and show limited reaction 
with respect to clinopyroxene. In the typically 
andesitic lavas of southwestern Umnak the 
olivine phenocrysts are in the narrow range 


EXPLANATION 


Northeastern Umnok augite 

Bogoslof salite and ferrosalite 

Southwestern Umnak augite 
and terroaugite 

Southwestern Umnok augite in 
albite diorite 

Augite in quartz diorite 


+ X PHO 


analyzed augite, 
(Diop side) optical determination 
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sparingly in the groundmasses of the mor 
mafic basalts of northeastern Umnak. The vag- 
ation in composition of olivine phenocrysts in 
the analyzed rocks is graphed in Figure 2. 
Orthopyroxene phenocrysts, entirely hyper 
sthene according to the classification of Polder- 
vaart and Hess (1951), are confined almost en- 


Ca 


(Wollastonite) 


4 
analyzed augite, 
chemical analysis 
pyroxene 


Mg 
(Enstatite) 


~ 
2422 (two clinopyroxenes) 
30 


hypersthene of 


(Hedenbergite) 


S.W. Umnak lavas 


atomic percent (Orthoferrosilite) 


Ficure 3.—ComposiTIon OF CLINOPYROXENES IN IGNEous Rocks oF UMNAK AND BocoS.or IsLANps, 
ALEUTIAN IsLANDs, ALASKA 


Plotted according to Hess (1949, Pl. 1). Numbers correspond to columns of analyses, Tables 1 and 2. Solid lines 


indicate extent of zoning. 


from Fo7s to Fog, excepting the highly mag- 
nesian olivine xenocrysts of the quartz-bearing 
olivine andesite (Fig. 2, no. 22). Nearly all 
olivine phenocrysts, except these olivine xeno- 
crysts, contain reaction rims of clinopyroxene. 
The limited reaction of olivine in the lavas of 
northeastern Umnak is matched by persistence 
of ferriferous olivines in the more siliceous 
rocks such as vitreous andesite (15) and latite 
(17). The magnesian olivine, however, in the 
rhyolite obsidian (19) of northeastern Umnak 
is derived from basaltic andesite xenoliths and 
is obviously xenocrystic. Olivine also occurs 


tirely to the lavas ot southwestern Umnak. The 
one exception is the presence of rare hyper 
sthene in the more silicic, upper welded ag 
glomerate bed (16) and a few other beds de 
posited by the caldera-forming eruption of 
northeastern Umnak. Although compositions 
of the hypersthenes in the different rocks over 
lap, a slight trend toward increasing iron con 
tent of the hypersthene with increasing silica 
content in the lavas of southwestern Umnak is 
suggested in Figure 2. The hypersthene pheno 
crysts are jacketed in varying degree by augite, 
probably ferriferous (2V about 50°). A few 
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Taste 2.—QuantTiTATIVE PeTrocRaPHic SUMMARY 


1 1A 2 3 4 
Mode (volume per cent)* 
Crystals of phenocrysts >0.2 mm 
*Plagioc 36 1 20.8 
Groundmass or 77.7 85.7 58 98¢ 59.9 
Composition of less calcic plagioclase crystalss$ ........ 
of more calcic Angs-90  Anzo-so  Ang7—94 
Estimated average composition of less calcic plagioclase crystals 
Estimated composition of more calcic plagioclase crystals Aan Ang 
Approximate composition of groundmass plagioclase (Ans) An75 Angs 
Average beta index of augite crystals®*  .......... 1.695 
Camponition of olivine erystae® Fogi-90 Fo7s-so0 Fogg9_78 
Estimated average composition of olivine crystals ...... Fogg Fo7g Fo75 Fog, 
Refractive index of groundmass or intersertal glas ..... . 1.5752 
21 22 23 24 
Mode (volume per cent): 
Crystals or phenocrysts >0.2 mm b 
Biotite (and minor chloritic alteration) .. ....... re 8.4 
Amphibole (includes decomposed amphibole) ..... . —0.7* 3.2 
Clinopyroxene (epidote in column 33) ......... EY aa 6.2 5.4 
Orthopyroxene: hypersthene. 0.4 2.9 0.2 
Apatite (includes 0.2 sphene in column 35) ....... = a as 0.3 
Composition of less calcic plagioclase crystals’ ........ Ang5-55 Ango-6s 
of more calcic plagioclase crystals* ....... An7s—84 An7g_s1 Angg_ge2 4 
Estimated average composition of less calcic plagioclase crystals A Anso Anges ieee 
Estimated average composition of more calcic plagioclase crystals nel Ango Ango nao(?) 
Approximate composition of groundmass plagioclase (=+Ans) An75 Ango Angs ae 
Gamma index of biotite crystals* ............. 1.66 
Beta index of amphibole crystals*. . 1.67 
Beta index of ferriferous” clinopyroxene crystals! ...... 1.710 1.708 1.697 \ 
Beta index of calciferous® clinopyroxene crystals* ...... 1.698 (present?) 1.705 
2V of ferriferous clinopyroxene crystals” .......... 50° 47° 54142 
2V of calciferous clinopyroxene crystals” .......... 53° fay 
Composition of hypersthene crystal”... ......... Ens4-64 Engo_¢4 
Average composition of hypersthene crystals. ........ En57 Eng3 
Composition of olivine crystalse .. Fogs-77 Fogg_sg Fogg_7g 
Average composition of olivine crystals ........... For Fogg 
Refractive index of groundmass or intersertal glass ..... . 


* Determined by point counter described by Chayes (1949) 
> Minimum size of crystals about 0.1 mm; modes of intrusive rocks include somewhat 


smaller crystals 
¢ Also rare hypersthene (tentatively identified) 


4 “Ghosts” of olivine, now antigorite, penninite, quartz, and magnetite 


¢ Includes palagonitized glass, zeolites, etc. 


4 Includes 0.6 per cent of calcite and 2 per cent of chlorite, antigorite, quartz, and 


zeolites 


9 Includes 0.1 per cent of zeolite-filled vesicles and rare hypersthene 

* Includes felsic groundmass with microveinlets of quartz, zeolite, and magnetite 

* Plagioclase compositions from refractive-index data, using curves by F. C. Calkins- 
H. H. Hess (G. C. Kennedy, 1947, Fig. 1) and by Tsuboi (1925, Pl. 1). Most determina- 


tions within + Ang, limit, + Ang 


BYERS, TABLE 2 
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TATIVE PETROGRAPHIC SUMMARY OF CHEMICALLY ANALYZED Rocks FROM UMNAK AND Boco: 


(Numbers of columns correspond to those in Table 1.) 


Northeastern Umnak 


2 3 4 5 6 7 8 9 10 
36 1 20.8 30.2 28.9 16.8 4° 68.5 2.0 
0.1 <0.1 0.2 20.6 0.2 
6 0.1 6.8 0.7 0.9 LS me 1.8 0.1 
58 98¢ 59.9 74.8 69.1 80.6 95¢ 4.6 97.8 
ngs-90 Anzo-so / Ang7-94 Ango-g95/ Angg_93 Anzs_93 Angs—so Anga—o3 Angg— 
An77 An75 Ang Ang} Anga An75(?) Angs 
Ang5 An70 Angs An7o0 Ang; 
1.695 1.703 1.698 .695 1.697 
2 5414° 554° 54° 54° 48°-54° 
069-78 Fo7s-s6  Fogs-75 Fo75-78 Fos9-71 Fo70— 
Fo75 Fogg Fo7g Fo77 Fogs Fo73 
Southwestern Umnak 
22 23 24 25 26 27 28 29 30 
7.6 29.1 
13 25 } 64.9 71 0.3 \ LS } 3.8 72 \ 1.8 
PAY 6.2 5.4 0.7 0.1 12 0.1 2 0.2 
0.4 2.9 0.2 : <0.1 0.2 0.5 ar 0.2 
0.3 0.1 1.5 re es 0.2 0.3 2 0.2 
78.2 58.9 <0.1 99.5 96.5 95.3 97.6 
An35-55  Ango.-68 Ango-35 Ang” 
Anso Angs Ang” An33 Ango Ang“ 
Anggo Ango Ango(?) An3o Anse Ang3 Anga Ange 
Ango Angs % Angs(?) Ango(?) 
1.710 1.708 1.697 1.710 
1.698 (present?) 1.705 \ 1.70 
47 ee oe 50%° 484° 4814 
n54—64 Eneo—64 Eng5—58 Eng57-63 En57~¢ 
En57 Eng3 En57 Engo Engg 
7 Based on optical determination of refractive indices; partial analysis for alkalis (N 
ewhat 1.14 per cent) by W. W. Brannock indicates composition of Ang; 
* Refractive indices determined with sodium light at 25° C. + 2° C. Most m 
ments within 0.003, excepting those on hornblende 
‘ Data on groundmass augite 
™ Diopsidic augite (8 = 1,696) also present; probably xenocrysts 
, and ™2V measurements on grains in thin section, using 4-axis universal stage; ave 
several readings, except for no. 9, in which full range of 2V variation of augite is sl 
° Olivine composition from refractive-index data, using curves by N. L. Bow 
J. F. Schairer (G. C. Kennedy, 1947, Fig. 6). Most determinations within + Fog 
Ikins- ? Also at least two additional olivines, probably xenocrysts, with over-all range o 
mina- position from Fos3 to Fog; 


* Data on unpalagonitized clear glass (sideromelane) 
” Bleached biotite; probably a chlorite 


K AND Bocosior Istanps, ALEUTIAN IsLANDs, ALASKA 


le 1.) 
‘n Umnak 
10 11 12 13 14 15 16 17 18 19 20 
. ee 1 . 1 0 6 
i 2.0 0.1 8.2 1.8 0.9 0.2 2.6 4.7 0.5 0.5 or 
0:2 2:3 1.1 0.1 0.1 1.6° 0.3 0.2¢ 0.5 
8 0.1 <0.1 0.54 <0.1 0.05 0.01 <0.1 <0.1 <0.1 0.1 ay 
97.8 99.8 95.9 98.9 99.6 95.19 94.7 99 98.9 100.0" 
Ango- A 
175(?) > Angg Angg Angg Ang} Angy Anse An51 = 
5 Angs(?)  Ango Ango An4go(?) Angs Ans(?) 
.697 1.706 1.699! 1.698 1.700 1.710" 1.705 
165 Fo7g Foes Fo7o Fogo(?) Fo33 Fo7g 
1.500 515 1.511 1.520 1.497 
Bogoslof 
30 31 32 33 
b 
3.3 <0.1 26.5 
} 1.8 oe 0.1 } 3.7 19.6 3.0 
0.1 0.1 5.55 6.1 
0.2 as ey 2.6 10.6 2.0 
1 0.01 0.3 
0.2 <0.1 0.1 1.9 4.2 
97.6 100.0 95.1 ee 62.3 60.9 
Abo“ Ango_40 Ango-42  Ang5_50 
ent) Angs_55 (absent) Ang5-68 Ang-16 An7g_94 An7g_g94 
2" Ang” Ang3 Angg Ang5 
Ange Ango Anjo Angs Angs 
; 2 1.68 1.64 1.70 1.75 
1.705 ae 1.705 1.707 
484° 57° 574° 
En57-61 En50-55 
Engg Eng2 
1.514 1.498 
s for alkalis (Na+K, * Entirely decomposed to opaque oxide-clinopyroxene aggregate 


2° C. Most measure- 


sal stage; average of 
of augite is shown 
y N. L. Bowen and 


vithin + Fog 


ver-all range of com- 


* Largely decomposed to secondary minerals: opaque oxide rims, clinopyroxene, fibrous 
green mica and amphibole, sodic plagioclase, brown glass with apatite needles and car- 
pholite(?) 

“ Determination by refractive indices (a = 1.527-1.528; y = 1.538) indicates nearly pure 
albite 

* A few plagicclase crystals are zoned through entire range Ansg_sg 

” Includes ferriferous augite and ferroaugite following classification of Poldervaart and 
Hess (1951, p. 474) 

= Includes diopsidic augite, salite, and ferrosalite following classification of Poldervaart 
and Hess (1951, p. 474) 

¥ Orthopyroxene composition from refractive-index data, using curves by H. H. Hess 
(G. C. Kennedy, 1947, Fig. 3) 
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SUMMARY OF PETROCHEMICAL DATA 


small isolated hypersthene remnants, com- 
pletely enclosed by large grains of augite, occur 
in the analyzed quartz diorite. 

Differences in composition of the clino- 
pyroxenes (Fig. 3) are especially diagnostic of 
the volcanic suite. The clinopyroxenes vary 
less, however, within the suites than olivine or 
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as indicated optically by decreasing 2V. A con- 
tinuation of this trend is believed shown by the 
groundmass clinopyroxene of the analyzed 
aphyric basalt (Fig. 3, no. 11) from the upper 
part of the Crater Creek basalt. In these few 
specimens, which are believed to be typical ba- 
salts of northeastern Umnak, the groundmass 


Taste 3.—CuemicaL Composition AND Atomic Ratios or AucitE PHENOCRYSTS IN 
ANorTHiTE-AuciTE-OLIVINE BasaLtt 


See Table 1, No. 4. Al in Z, 6.6 per cent; atomic ratios: CaggMg4gFeq2; density (powder), 3.4 


Chemical analysis* Atomict rer 

(Weight, Per Cent) Ratios Na 
SiO» 49.66 829 
AlOs 6.00 
1.93 Fe*3 24 13 
FeO 5.69 Fe*2 79 
MgO 17.18 Mg 430 
CaO 19.32 Ca 345 
0.36 Na 11 11 
0.10 K 3 
TiO2 0.44 Ti 

100.68 | 
| O 2742 


| Z Cations 
Na Ti Fe*? Al | W Six O 
39814 | 1.966 
10 ll 4816 | 
48% | 
11 | 
94414 | 2.066 
| 


* Oxides other than alkalies analyzed by Brynjolf Bruun; alkalies analyzed by W. W. Brannock on flame photo- 


meter 
* After Hess (1949, p. 624-626) 


plagioclase. All augite compositions are plotted 
in Figure 3 from the beta index and 2V de- 
terminations (Hess, 1949, Pl. 1). Two plots 
are shown of the analyzed augite, one based 
directly on its chemical analysis (Table 3) and 
the other based on beta index and 2V. The 
discrepancy between the actual composition of 
the analyzed augite and the inferred composi- 
tion based on optical properties may be due to 
greater than average amounts of chromium 
(See Table 6), aluminum, and ferric iron in the 
crystal structure. Kuno (1955, p. 84) relates 
high refractive indices in two analyzed clino- 
pyroxenes to high Alt? in Z. The Umnak augite 
has 6.6 per cent of Al in Z (Table 3). 

The augite phenocrysts in lavas of north- 
eastern Umnak (Fig. 3, circles) cluster in a 
small area of the diagram and are green to dark 
green, typical of chromian diopsidic augite. The 
analyzed augite basalt from the basally ex- 
posed part of the Ashishik basalt contains zoned 
augite that becomes poorer in lime (more 
Pigeonitic) in the outer zones (Fig. 3, no. 9), 


augite is more pigeonitic than the phenocrystic 
augite. 

The clinopyroxene phenocrysts in lavas of 
southwestern Umnak (Fig. 3, triangles), in con- 
trast to those in lavas of northeastern Umnak, 
are small, greenish-black ferroan augite or ferro- 
augite (nomenclature after Poldervaart and 
Hess, 1951, p. 474) with lower 2V and higher 
beta indices. Diopsidic augite was observed in 
southwestern Umnak lavas only as phenocrysts 
in the mafic-phenocryst basalt of Kshaliuk 
Point (Byers, 1959, p. 298) and as rare to sparse 
xenocrysts(?) in the quartz-bearing olivine an- 
desite (22). The augite of the quartz diorite 
(Fig. 3, no. 24) has an inner diopsidic core and 
an outer iron-rich zone, which is not quite so 
rich in iron as the ferroaugites in the hyper- 
sthene-bearing lavas (22, 23) of southwestern 
Umnak. 

The clinopyroxenes in the hornblende an- 
desite and basalt of Bogoslof (Fig. 3, squares) 
are salite and ferrosalite respectively, as de- 
duced from optical properties (Hess, 1949, Pls. 
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1, 4). Both clinopyroxenes are weakly pleo- 
chroic in green and yellow, characteristic of the 
salites and ferrosalites studied by Hess (1949, 
p. 656-657). 

Hornblende and biotite are found in the in- 
trusive rocks and extrusive rhyolite of south- 
western Umnak. Rapidly chilled extrusive 
rocks of Bogoslof contain hornblende without 
biotite (Table 2). Petrographic details of these 
hydrous minerals are recorded elsewhere (Byers, 
1959, p. 290-292, 302, 354-357). Hornblende 
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tion. This outermost rim is equivalent in Ap 
content to that of the microlites of the ground- 
mass. Normally zoned plagioclase phenocrysts 
are associated in the same rock with the reverse. 
zoned phenocrysts but are less common. Nor. 
mally and oscillatory zoned plagioclase pheno- 
crysts are typical of the analyzed southwestem 
Umnak basaltic andesite (21) and rhyodacite 
(30), respectively, as in similar northeastem 
Umnak lavas (Fig. 2). The southwestern Um- 
nak silicic rhyolite (32) has phenocrysts of an- 


Taste 4.—PartiaL ANALYSES OF PoTrassiuM FELDSPATHIZED Rocks oF THE VOLCANIC Rocks oF 
CentraLt Umnak Istanp, ALEUTIAN ISLANDS, ALASKA 


12” 124 12B 
Total Fe as FeO 73 5.5 3.2 
MgO 3.4 3.0 0.31 
CaO 9.3 5.0 0.45 
2.8 243 1.9 
K2O 1.4 2.9 5.8 
Bulk specific gravity 2.67 2.43 2.26 


* For complete analysis of No. 12, See Table 1, no. 12. Alkalies of 12A and 12B analyzed by E. J. Benton, Petro. 
graphic Laboratory, U. S. Bureau of Reclamation; total iron, lime, and magnesia of 12A and 12B analyzed by 


Herbert M. Ochs, Denver, Colorado. 


12. Slightly altered porphyritic basalt (47 ABy 44) or basalt andesite flow collected near Inanudak Bay (lat. 


53°17.1'N., long. 168°19.8’E.). 


12A. Moderately altered (uralitized, partly zeolitized) porphyritic basic lava (47 ABy 43A) from isthmus area 
of Umnak (lat. 53°16.7’N., long. 168°19.3’E.) about 0.7 mile southwest of no. 12. Outcrop areas occur as ‘Islands’ 


in 12B. 


12B. Completely altered (silicified, feldspathized, zeolitized, tourmalinized) rock (47 ABy 43B) collected about 


50 feet from 12A. Predominant rock of area. 


has not been observed in any volcanic rock of 
northeastern Umnak. 

Accessory minerals in the rocks of Umnak 
and Bogoslof include opaque iron-titanium 
oxides, apatite, and sphene; the last two were 
observed in the hornblende andesite of Bogo- 
slof (35) as sparse microphenocrysts (Table 2). 

Plagioclase by its textural relationships also 
provides distinguishing features between each 
of the three volcanic suites. In nearly all the 
hypersthene andesites of southwestern Umnak 
the most common phenocrysts are reverse- 
zoned plagioclase consisting largely of andesine 
or sodic labradorite (22, 23, Fig. 2; Table 2). 
In the outer part, they contain a zone of dust- 
like cryptocrystalline inclusions, similar to 
those described in andesites of Katmai Vol- 
cano (Fenner, 1926, p. 693) and in andesites of 
Hakone Volcano (Kuno, 1950, Fig. 5). The 
outermost rim enclosing these phenocrysts is 
commonly calcic labradorite, or at any rate a 
more calcic plagioclase than the core composi- 


desine (Ango_40), a few of which have mottled 
cores of labradorite. In lavas of northeastern 
Umnak, the An content of the plagioclase, with 
few exceptions, varies inversely with increasing 
silica content in a regular manner, as may be 
seen in Figure 2. 

The two Bogoslof lava domes that were ac 
cessible in 1947 contain prominently normal- 
ly zoned plagioclase phenocrysts with wide 
gaps in composition. An unusual feature is 
the presence of anorthite-bytownite pheno 
crysts (Anzg_94) in both the subsilicic hor 
blende basalt (34) extruded in 1927 and the 
silicic hornblende andesite (35) extruded in 
1796 (Fig. 2; Table 2). In the andesite, the 
anorthite-bytownite forms only a very small 
inner core enclosed by a thick jacket of ar 
desine-oligoclase, whereas in the hornblende 
basalt, the anorthite-bytownite is most abund- 
ant. The coarser microlites of the hornblende 
basalt groundmass are sodic labradorite, but i 
some portions of the rock the outer zones of a 
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few phenocrysts not only pass through sodic 
labradorite but also contain successively thin 
outer zones of oligoclase and anorthoclase(?), 
which is also present in the smallest microlites 
of the most coarsely crystalline groundmass. 
The hornblende basalt extruded in 1927 also 
contains rare xenocrysts of andesine-oligoclase, 
similar in composition to those of the horn- 
blende andesite extruded in 1796. The ground- 
mass plagioclase of the hornblende andesite has 
the refractive indices of albite. 

Potassic feldspar as orthoclase is common in 
the plutonic rocks of southwestern Umnak but 
has been identified in only a few lavas. In the 
hornblende basalt of Bogoslof (Table 2, no. 34), 
anorthoclase(?) is in the microgranular ground- 
mass. In the latite flow of Mount Vsevidof (28) 
on southwestern Umnak, groundmass ortho- 
clase euhedra poikilitically enclose small micro- 
lites of clinopyroxene, plagioclase, and opaque 
oxides. Mottled, irregular orthoclase xenocrysts 
occur sparingly in the specimen (26) of the 
andesitic pyroclastic bed of Mount Vsevidof. 
Fine-grained potassic feldspar (adularia?) has 
been introduced variably in the volcanic rocks 
of central Umnak (Table 4). 

Quartz is in all the plutonic rocks examined 
from southwestern Umnak and occurs as an- 
hedral grains in two of the southwestern Um- 
nak lavas. In the quartz-bearing olivine an- 
desite (22), anhedral quartz is rimmed by a 
jacket of clinopyroxene microlites oriented 
radially to the quartz. Quartz phenocrysts in 
the rhyolite dome of southwestern Umnak (32) 
are largely anhedral and embayed by the 
groundmass. 

Modal nepheline may be in the groundmass 
of the hornblende basalt of Bogoslof (34), but 
no optical properties could be determined that 
would positively identify the mineral. Analcite? 
is both a groundmass mineral and a vesicle fill- 
ing in the hornblende andesite of Bogoslof (35). 


Chemistry of the Rocks 


Variation diagrams of the major oxides. Fig- 
ure 4 shows a silica variation diagram of the 
major oxides in the rocks of Umnak and Bogo- 
slof. Circles, triangles, and squares, analogous 
to those in Plate 1, identify the volcanic rocks 
of northeastern Umnak, southwestern Umnak, 
and Bogoslof, respectively. Additional symbols 
distinguish plutonic, metasomatic, and sedi- 
mentary rocks of the underlying basement com- 
plex. These same symbols are used in all dia- 
grams supporting the petrologic discussion. 


Figure 5 shows compositions of palagonitized 
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rocks, granophyre, aphyric volcanic rocks, and 
computed lava groundmasses of the three vol- 
canic suites, following the method of Bowen 
(1928, p. 114-132) and Kuno (1950, p. 1007), 
Those rocks whose water-free summation 
deviates from 100 per cent by more than 05 
were recomputed to 100 per cent before they 
were plotted on the variation diagrams. The 
groundmass of a porphyritic lava was computed 
by subtracting the phenocryst composition, as 
determined chiefly from optical properties, 
from the bulk composition of the lava, and 
then recomputing the groundmass constituents 
to 100 per cent. The actual chemical composi- 
tion of the northeastern Umnak augite (Table 
3) was used, however, in computing the 
groundmasses of analyzed lavas of northeastern 
Umnak. Table 5 gives the computed lava 
groundmasses. 

The trends of the oxides are apparent from 
Figure 5. The southwestern Umnak suite differs 
mainly from the northeastern Umnak suite in 
containing higher alumina and lower total iron 
oxides. Variation curves of the southwestern 
Umnak aphyric lavas fall about 1 per cent 
higher on the alumina-silica diagram (Fig. 5) 
and about | per cent lower on the total iron 
oxide-silica diagram. No curve is drawn for 
Bogoslof lavas (squares) because of too few 
specimens, but it may be noted that potassium 
oxide is 1-2 per cent above the Umnak curves. 

The alkali-lime index (Peacock, 1931, p. 54 
67) of the aphyric lavas and groundmasses of 
northeastern Umnak and Mount Vsevidof of 
southwestern Umnak is 5814; the alkali-lime 
index of bulk compositions of the porphyritic 
lavas of northeastern Umnak that contain 
largely plagioclase phenocrysts is 59. The index 
of the plagioclase-rich, hypersthene-bearing 
labradorite andesite-rhyolite association of 
Mount Recheschoni is about 64, which places 
this association in the group Peacock classified 
as calcic. Much of the lime in these calaic 
porphyritic lavas occurs in the phenocrysts of 
calcic plagioclase. The alkali-lime index of the 
porphyritic lavas of Bogoslof is about the same 
as that of the lavas of northeastern Umnak, 
although this apparent similarity is misleading, 
owing to the fact that the two analyzed Boge 
slof lavas are abundantly porphyritic and er 
riched in calcic plagioclase phenocrysts, where 
as the analyzed Umnak lavas include both 
aphyric lavas and porphyritic lavas. The alkali 


2 Identified by Richard C. Erd, U. $. Geological 
Survey. 
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Numbers at top refer to columns of analyses, Table 1. 


Figure 5.—Sitica DiacramM or Mayor Oxipes 1x PALaconitizeD 
Grounpmasses, (NEARLY) ApHyric Lavas, AND GRANOPHYRE 


Rocks, Lava 


lime index of the groundmasses of Bogoslof 
lavas is only about 56, considerably more al- 
kalic than the alkali-lime index of the ground- 
masses of northeastern Umnak lavas. In fact, 


both Bogoslof basalts (Table 1, nos. 34, 36) 
contain | per cent more sodium cxide and a 
small amount of normative nepheline, so that 
they are essentially teschenitic. 
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Taste 5.—Computep Grounpmass (g) Composrtions or ANALYZED Porpuyritic Lavas or UmMNAK AND BocosLor Istanps, ALEUTIAN IsLANDs, ALASKA 


(Numbers of columns analogous to those in Table 1.) 
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SUMMARY OF PETROCHEMICAL DATA 


Minor elements. The abundance of minor 
elements in 19 analyzed rocks of Umnak and 
Bogosiof was determined spectrographically 
(Table 1). The lower limits of detection (Table 
|, footnote f) probably have varied slightly, 
depending on the rock type, location of labora- 
tory, and analyst. Minor elements were also 
determined in olivine and augite phenocrysts 
from specimen number 4 and in anorthite 
phenocrysts from specimen number 5 (Table 


6). 


Taste ANALYSES* oF PHENO- 
crYSTS FROM Two Porpuyritic Basatts or Norru- 
EASTERN UMNaK IsLAND, ALEUTIAN ISLANDS, ALASKA 


Janet D. Fletcher, spectrographic analyst 


2. 
Augite Olivinet Anorthite 
(Weight (Weight (Weight 
Per Cent) Per Cent) Per Cent) 
Cu 0.002 0.002 0.004 
Mn 0.06 0.2 0.006 
Co 0.003 0.02 Pe 
Ni 0.01 0.1 0.0003 
Cr 0.2 0.06 0.0004 
V 0.03 
Ti 0.2 0.01 0.01 
ae 0.001 
Sr 0.02 Pee 0.1 
Ba 0.006 0.002 0.006 
Sc 0.01 0.0004 a 
Ga 0.0006 


*Looked for but not found at indicated limits of 
detection: Be(0.0001), Ag(0.0001), Mo(0.001), W(0.05), 
Ge(0.001), Sn(0.002), Pb(0.001), As(0.05), Sb(0.01), 
Bi(0.001), Zn(0.01), Cd(0.005). T1(0.005), Y(0.001), 
1a(0.003), Th(0.05), Nb(0.005), Ta(0.1), U(0.1), 
B(0.001) 

*0.1-0.3 per cent Ca also present 


1,2. Augite and olivine phenocrysts from anorthite- 
augite-olivine basalt (Table 1, no. 4) 

3. Anorthite phenocrysts from anorthite basalt (Table 
1, no. 5) 


For a general comparison of the minor- 
element distribution, a variation diagram (Fig. 
6) was made, using silica rather than silicon 
(Nockolds and Mitchell, 1948, p. 532-534) as 
the abscissa, because most petrologists are 
accustomed to thinking of bulk composition of 
a rock in terms of its silica percentage. The 
significance of the variation of the minor ele- 
ments within the three volcanic suites is dis- 
cussed where appropriate in the following 
section on Petrology. 


PETROLOGY 


Scope of Study 


The following synthesis to account for the 
diversity of the rocks within the tectonic frame- 
work of the Aleutian volcanic arc is based 
chiefly on petrochemical data obtained on the 
three volcanic suites. Data are insufficient to 
permit speculation regarding the origins of the 
pre-Quaternary plutonic and metasomatic 
rocks underlying the latest Tertiary(?) and 
Quaternary volcanic rocks. Geologic and petro- 
graphic evidence (Byers, 1959, p. 288-289) 
suggest that the albitization preceded the in- 
vasion of the plutonic rocks and accompanying 
potassium feldspathization, but all may have 
been part of one epoch of intrusion and meta- 
somatism. The chief speculations here are to 
consider first the genetic significance of the 
variations within individual volcanic suites 
and then to relate the differences in the pe- 
trography and chemistry of the volcanic suites 
to different geographic position and presumably 
tectonic setting. 

The lavas of northeastern Umnak are con- 
sidered first because they are basalts and more 
silicic lavas of comparatively simple mineralogy 
as contrasted with two-pyroxene, two-feldspar 
lavas of southwestern Umnak and two-feldspar, 
hornblendic lavas of Bogoslof (Table 2). These 
generalizations are partly oversimplified, for 
local exceptions and hybrids occur between the 
typical northeastern and southwestern Umnak 
suites. Minor exceptions may also be noted 
among both major and minor elements with 
respect to the commonly occurring assemblages 
found in each of the three magma suites. The 
fact that such deviations do occur in the com- 
plexity of nature should not be allowed to 
obscure the fundamental differences between 
the suites. 


Northeastern Umnak Volcanic Suite 


The diversification of basaltic lavas of rela- 
tively simple mineralogy and their more silicic 
derivatives is commonly assumed to have 
evolved through fractional crystallization with 
separation of crystals or relative movement of 
liquid and crystals, as propounded by many 
advocates, chiefly A. Harker and N. L. Bowen. 
If fractional crystallization or its reverse coun- 
terpart, selective fusion, is accepted as the 
dominant process, however, many questions 
still remain to be answered, for example: When 
and where did the process take place? Did 
fractional crystallization occur at some early 
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geologic period and result in a rude layering of 
basalts of different composition, e. g., an anor- 
thite-rich basalt overlain by aphyric basalt and 
underlain by mafic phenocryst basalt, as once 
suggested by Buddington (1943)? Or did 
differentiation occur in relatively shallow 
magma chambers just prior to extrusion? Is 
olivine-rich or picritic basalt generated by 
crystal accumulation in a magma chamber or 
generated as a consequence of selective fusion 
of the peridotite mantle? Is one basalt magma 
parental to the other rocks? In answer to some 
of these problems, evidence suggests that a 
northeastern Umnak basalt of tholeiitic compo- 
sition might well be parental to the volcanic 
rocks of more silicic composition and possibly 
may be parental to some of the phenocryst- 
rich, subsilicic basalts. 

Many of the dominantly aphyric basalts 
associated with the northeastern Umnak shield 
volcano of Okmok approach the composition 
of the ideal primary tholeiitic basalt magma 
postulated by W. Q. Kennedy (1933, p. 239). 
Two specimens of aphyric basalt, 10 and 11, 
characterized mainly by high iron oxides, high 
alkali oxides, and low alumina with respect to 
silica, even more closely approach Waters’ 
(1955, p. 705) average Columbia River basalt 
(Table 7) in composition. The analyses of the 
Umnak aphyric basalts are representative of a 
large part if not most of the precaldera lavas 
forming the upper part of the shield of Okmok 
Volcano. Nine other specimens of aphyric 
precaldera basalt were analyzed for silica only 
and are within the relatively narrow silica range 
of 51.3 to 53.7 per cent (Leonard Shapiro, 
analyst). 

Groundmass as well as phenocryst composi- 
tions of porphyritic basalts show a marked in- 
crease of lime and magnesia and a corresponding 
decrease in total iron oxides with decreasing 
silica. This variation of northeastern Umnak 
aphyric lavas and groundmasses (Fig. 5, solid 
curves) imparts a marked curvilinearity to the 
plots of these oxides. Bowen (1928, p. 96-110) 
has stressed that such curvilinearity is an 
indication of changing composition of residual 
magmatic liquids controlled by fractional crys- 
tallization. Field and petrographic evidence 
indicate that phenocrysts more than about 0.2 
mm are intratelluric in origin, for phenocrysts 
exceeding this size are found both in air-chilled 
bombs and in chilled lavas extruded into water 
(Byers, 1959, p. 332). Augite phenocrysts up to 
0.5m constitute about 4 per cent in the upper 
part of the anor*hite-olivine-augite flow, but 
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larger phenocrysts (the analyzed augite of 
Table 3) up to 1.0 cm constitute 121% per cent 
near the bottom. The composition of this flow 
(Table 2, No. 4) is therefore known to be partly 
the zesult of crystal settling of augite. Flows 
from four linearly aligned vents east of In- 
anudak Bay (PI. 1) contain anorthite pheno- 
crysts but in decreasing abundance eastward 
from the anorthite basalt flow at Inanudak Bay 
(Table 2, no. 5; Byers, 1959, p. 333-334), 
suggesting that all four vents may have tap- 


Taste 7.—Comparison oF AVERAGE Apuyric BasaLr 
FROM NorTHEASTERN UMNAK WITH AVERAGE CoLuMBIA 
River BasaLt 


Aphyric Basalt 


from Northeast Columbia River 


Umnak Basalt* 
SiO2 52.50 52.31 
AlgO3 15.12 14.38 
Fe2O3 4.91 2.47 
FeO 7.90 9.95 
MgO 4.06 4.46 
CaO 8.67 8.37 
NagO 3.48 2.94 
K20 1.23 1.26 
H20+ 0.20 0.74 
H20— 0.09 0.39 
TiOg 1.64 2.10 
P2O5 0.37 0.36 
MnO 0.19 0.21 
No. of analyses — (2) (13) 


* From Waters (1955, p. 705) 


ped an anorthite-fractionating magma chamber 
at different levels. The relatively high lime and 
magnesia of the porphyritic basalt groundmass- 
es (Fig. 5, nos. lg, LAg, 4g, 5g, 6g, 7g) may also 
have been partly derived from the components 
of plagioclase, olivine, and possibly augite that 
were first enriched and then resorbed into the 
liquid, a process that Buddington (1943, p. 
119-140) has invoked. 

The variation in composition of northeastern 
Umnak aphyric lavas and groundmasses with 
respect to ferrous iron and manganese, mag- 
nesium, and alkali metals is shown by a solid 
line in the triangular diagram in Figure 7.. 
Plots of compositions of phenocryst assem- 
blages, bulk lava compositions, and nonvolcanic 
rocks are also shown for reference. Tie lines 
connect the respective plots of groundmass, 
phenocryst assemblage, and bulk composition 
with respect to the metals at the corners of the 
diagram. Rather than plotting all the iron as 
ferrous, the writer has plotted five-sixths of the 
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total iron atoms as ferrous, because such a ratio 
is close to the mean iron ratio in Umnak mag- 
mas at depth, as shown by lavas that are least 
oxidized. Figure 7B is a triangular diagram with 
respect to calcium, sodium, and potassium, 
showing the variation of northeastern Umnak 
lavas with respect to the diagnostic components 
of feldspar. 

These diagrams (Fig. 7A, 7B) include two 
metal pairs, namely Mg-Fet? and Ca-Na, 
which tend to have strong reciprocal relation- 
ships during fractional crystallization of basaltic 
magma (Wager, 1956, p. 217-248). Plots of 
aphyric lavas‘and groundmass compositions on 
the two diagrams including these elements 
might be expected to show a closer fit to a sharp 
curve than the curves of the individual oxides 
against silica (Fig. 5), if fractional crystalliza- 
tion has been the principal process in the 
evolution of the northeastern Umnak lavas. 
An excellent fit to sharp curves is indicated in 
both diagrams, suggesting that the northeastern 
Umnak lavas have evolved at least in part 
through fractional crystallization or selective 
fusion. The pronounced convex-upward varia- 
tion curve of northeastern Umnak compositions 
on the magnesia-ferrous iron-alkali diagram 
resembles that on similar diagrams showing 
preliminary enrichment of iron in the differ- 
entiation of basaltic magma (Wager and Deer, 
1939, p. 313-316; Walker and Poldervaart, 
1949, p. 657-661). 

Further evidence of dominant crystal frac- 
tionation, although acting at different times, 
is further demonstrated by the presence of 
high-iron olivines, Foso_70 and Fogo_35 (hor- 
tonolite) in the vitreous andesite (Figs. 2,7A, 
no. 15) and in the latite (17) respectively. The 
oliviue apparently did not react with the 
liquid but continued to crystallize and became 
more iron-rich through the mediosilicic range’. 
Bowen and Schairer (1935, p. 185-187, Fig. 
22) have shown experimentally that through a 
wide range of moderate to high iron content 
in the system-forsterite-fayalite-silica, olivine 
and pyroxene will crystallize side by side with 
no reaction relationship. 

The vitreous andesite plug (Fig. 7, no. 15) is 
unique not only in containing a higher iron 
olivine and a higher total iron content than 
those of the tholeiitic basalts (10, 11), but also 
in not containing detectable nickel and chro- 
mium (less than 0.0001 per cent) (Table 1). 
This is particularly noteworthy in view of the 
fact that its silica content (54.80 per cent) is 
only slightly more than that (52.5) of the 
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tholeiitic basalts. Some strong process was ¢f. 
fective in purging the magma from 0.002 px 
cent nickel and 0.004 per cent chromium in th 
tholeiitic basalts to less than 0.0001 per cent fo 
both elements in the andesite—a reduction of 
at least twentyfold for nickel and fortyfold fo 
chromium‘. Similar variations in nickel and 
chromium in the Skaergaard intrusion of Green- 
land have been cited by Wager and Mitchel 
(1951, p. 189) as indicative of dominant crystal 
fractionation in a magma suite. 

Perhaps the most direct evidence in favor of 
the mediosilicic to highly silicic northeastem 
Umnak rocks having been derived by fractional 
crystallization is the intersertal glass of refrac 
tive index 1.50, observed in many of the basalts 
(e.g., Table 2, no. 9) and especially in one of 
the two analyzed tholeiites (Table 2, no. 11), 
This index is only slightly more than tha 
(1.497) of the northeastern Umnak rhyolite 
obsidian (19), which hasa silica content of 72.3 
per cent. Moreover, one of the basalts (9) is 
sufficiently crystalline so that the rhyolitic 
glassy mesostasis was found by Chayes point 
counter to be about 5 per cent (Table 2), which 
is commonly cited by petrologists as the volu- 
metric ratio of residual granitic magma to br 
salt. 

The writer concludes from the evidence 
given that the compositions of northeastem 
Umnak lavas that are more silicic than basalt 
were mainly derived through the process of 
fractional crystallization of magmas in local 
chambers but were modified to some extent in 
the mediosilicic range by mixing or assimile 
tion. These processes operated at different times 
and at varying depths beneath Okmok Vol 
cano. The largest magma chamber, which te 
ceived the greatest amount of sialic contaminx 
tion, was directly beneath Okmok Caldera and 
gave rise toa very small quantity of rhyodacite 
pumice and a considerably greater volume df 
welded andesitic agglomerate. However, the 
diversity in composition of the volumetrically 


3 The rare high-iron olivine and rare hypersthene ia 
the welded andesitic agglomerate (Table 2, no. 16) ate 
both xenocrystic but probably came from different 
sources. The magnesian olivine in the rhyolite (Table? 
no. 19) almost certainly came from the basaltic andesite 
xenoliths seen in thin section; note also associated xeno- 
crystic calcic plagioclase. 

4 The detectable presence of nickel and chromium ia 
the welded andesite (Table 1, no. 16) and of chromium 
in the rhyolite dome (Table 1, no, 19), as in the case ol 
the olivine xenocrysts, is due to basalt xenoliths that 
were out of equilibrium with the magma. 
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small plugs and flows of northeastern Umnak is 
probably mainly controlled by fractional crys- 
tallization of parental basaltic magma similar in 
composition to the two analyzed aphyric ba- 
alts (Table 1, nos. 10 and 11). 


Southwestern Umnak Volcanic Suite 


The diversity of the Quaternary volcanic 
rocks of southwestern Umnak reflects mainly 
that of the basement rocks: diorite (Byers, 
1959, p. 290) under the basaltic andesite of 
Mount Vsevidof and extensive quartz diorite 
(24) beneath the voluminous hypersthene an- 
desite (23) of Mount Recheschnoi. Subordinate 
granophyre (33) is chemically similar to the 
analyzed rhyolite dome (32), although the 
present exposures of this pair are spatially raore 
removed from one another (Pl. 1). The close 
similarity in chemical composition of the in- 
trusive-extrusive pairs: quartz diorite (24)- 
hypersthene andesite (23) and granophyre (33)- 
thyolite (32) may be seen in Table | and is 
emphasized on Figure 4 by enclosing plots of 
each pair by a dashed ellipse. 

Variation curves based on oxide plots of six 
nearly aphyric lavas (Fig. 5, nos. 21, 26, 27, 28, 
30, and 32) of southwestern Umnak (neglecting 
for the moment the lava groundmass plots, 22g 
and 23g, to be discussed later) differ, probably 
because of genesis, from those of northeastern 
Umnak. As pointed out earlier, the alumina 
curve is about | per cent higher and the iron 
curve | per cent lower than corresponding 
curves for the northeastern Umnak volcanic 
suite. These chemical differences suggest greater 
sialic contamination of the southwestern Um- 
nak suite than that of the northeastern Umnak 
suite. Moreover, it appears that most of the 
curves, especially those of potassium oxide, ti- 
tantum oxide, and lime, have a slightly more 
rectilinear or straight-line variation, such as 
would be the result of purely mixing of mag- 
mas. It therefore becomes apparent that the 
compositional differences in the mediosilicic to 
highly silicic aphyric lavas of southwestern Um- 
nak may have originated in part through non- 
equilit tum processes, such as incomplete non- 
equilibrium fusion, mixing of magmas, and as- 
imilation of high-alumina shale and argillite. 
Additional evidence supporting these concepts 
is forthcoming in the discussion of the peculiar 
petrochemical features of the porphyritic 
hypersthene andesites of southwestern Umnak. 

The two porphyritic andesites (22, 23) of 
southwestern Umnak deserve special mention 
because they differ from other analyzed lavas 
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of Umnak in having a varied and abundant as- 
semblage of phenocrysts that show armored 
reaction rims. Among the phenocrysts are two 
kinds of plagioclase and at least two kinds of 
pyroxene, including hypersthene and (ferro-) 
augite. The erratic deviation of most of the 
oxide plots of the computed groundmass com- 
positions (Fig. 5) is no doubt an expression of 
the gross nonequilibrium relationships between 
liquid and crystals just prior to solidification. 
For example, sodium oxide falls about 114 per 
cent lower than in aphyric lavas of similar silica 
composition, and magnesia is 2-3 per cent 
higher than in aphyric lavas of similar silica 
content. Other oxide plots of these lavas also 
show aberrancies with respect to the curves 
plotted from compositions of the aphyric lavas, 
but not in the same manner. Lime and alumina 
of the hypersthene-bearing labradorite andesite 
(23) are, like sodium oxide, about 11% per cent 
lower than those constituents in southwestern 
Umnak aphyric lavas of similar silica content. 
But as we have already seen, the voluminous 
hypersthene-bearing labradorite andesite pile 
of Mount Recheschnoi is very close in bulk 
chemical composition to the underlying quartz 
diorite (24). One possibility is that the hyper- 
sthene-bearing labradorite andesite of Mount 
Recheschnoi originated through incomplete, 
nonequilibrium fusion of underlying quartz 
diorite, whereby orthoclase, quartz, and hy- 
drous ferromagnesian minerals fused. The an- 
desine, however, that should also have dissolved 
in the melt under equilibrium conditions re- 
mained solid for the most part and withheld 
sodium oxide, lime, and alumina from the mag- 
matic liquid, now groundmass. This plagioclase 
now occurs as anhedral andesine phenocrysts 
(Table 2, no. 23) rimmed by a zone of ‘‘dust” 
inclusions (Anderson, 1941, p. 389; Kuno, 1950, 
p. 968) and by an outermost zone of Ango, 
equivalent in composition to the groundmass 
microlites which were in equilibrium with the 
liquid at the time of final solidification. 

This explanation may not fully account for 
the origin of the hypersthene andesite (23), for 
magnesia (Fig. 5) is too high to have come en- 
tirely from biotite and hornblende, which at 
most may have sormed 12 per cent of the 
original rock. Possibly some of the magnesia 
was added from some other source. Gabbro in- 
clusions are not uncommon in both porphyritic 
andesites, but a more positive source of mag- 
nesium is manifest in the quartz-bearing olivine 
andesite. 

This quartz-bearing olivine andesite (22) 
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both petrographically and chemically can best 
be described as a hybrid lava. Iddings (1888, p. 
208-221), Diller (1891, p. 25), LaCroix (1893, 
p. 43-48), Sollas (1894, p. 493), Harker (1909, 
p. 355), Finch and Anderson (1930, p. 259- 
273), and Larsen et al. (1936, p. 685) have de- 
scribed magnesian basalts containing quartz 
phenocrysts that are rounded, embayed, and 
rimmed with clinopyroxene microlites. Such 
are the relationships of the quartz in the south- 
western Umnak quartz-bearing olivine ande- 
site; the enclosing clinopyroxene microlites, 
from their large 2V, are augite or ferroaugite. 
The olivine phenocrysts are of the same average 
composition as those in the picrite basalt (1) of 
northeastern Umnak (Table 2). The oxide plots 
of the andesite (22) are labeled on Figure 4 to 
show at a glance their positions with respect to 
straight join lines representing all possible mix- 
tures between the composition of the picrite 
basalt (1) and a composition averaged from the 
quartz diorite (24) and the hypersthene-bear- 
ing labradorite andesite (23). The plots of the 
quartz-bearing olivine andesite fall close to the 
join lines, suggesting that this rock resulted 
from mechanical mixing of 15 to 20 per cent 
olivine-rich basaltic magma with 80 to 85 per 
cent of quartz dioritic magma. By subtracting 
all the olivine (7.6 per cent) from the quartz- 
bearing olivine andesite, one can also arrive at 
an olivine-free composition (22-01), which is 
close to the average composition of the quartz 
diorite and hypersthene-bearing labradorite 
andesite (Fig. 4). This appears to be a slightly 
better fit than the first solution but of course 
represents an extreme case and would require 
that 7.6 per cent pure dunite be added to the 
quartz dioritic magma. No olivine nodules of 
types described by Ross, Foster, and Myers 
(1954, p. 696-703) were found in the flow. The 
rather even distribution of the olivine and 
quartz in the rock and the agreement in 
forsterite content between the olivine in the 
picritic basalt (1) and the olivine in the an- 
desite (22) suggest that an olivine-rich magma 
mixed with several times its volume of quartz 
dioritic magma to produce the hybrid rock. 
The minor-element content of the south- 
western Umnak volcanic rocks also reflects 
their origin from the underlying Tertiary base- 
ment rocks (Fig. 6; Table 1, nos. 23, 24). The 
concentration of chromium and nickel is sig- 
nificantly greater than in aphyric silicic lavas 
of northeastern Umnak, in which these ele- 
ments are nearly absent. The relatively high 
chromium and nickel in the southwestern Um- 
nak quartz diorite (24) and its presumed ex- 
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trusive equivalent, the hypersthene-bearing 
labradorite andesite (23), places these rocks ig 
the second category of Wager and Mitchel 
(1951, p. 201), that is, “‘typical diorites . ,, 
probably having some other origin than by 
fractionation of basic magma.” 

The highly silicic rocks of southwestern Un- 
nak are represented both by an intrusive phag, 
the post-Oligocene, pre-Pleistocene granophyre 
(33), and by an extrusive phase, three linearly 
alined, early Recent rhyolite domes (PI. 1), of 
which one is represented by analysis 32 (Tables 
1, 2). Normative mineral plots of these silicic 
rocks are shown with respect to Q, Ab, and 0; 
in Figure 8, on which the isobaric phase 
boundaries between quartz and alkali feldspar 
are superposed from the experimental work of 
Tuttle and Bowen (1958, p. 75). Similar plot 
of the two northeastern Umnak rhyolites and 
those of two albitized rocks (29, 31) are shown 
for comparison. The normative plot of the 
granophyre falls essentially on the heavy line 
enclosing the maximum number of granite 
analyses from Washington’s tables (én Tuttle 
and Bowen, 1958, Fig. 42) and on the phas 
boundary at 1000 kg/cm?. This exact coine:- 
dence is of course fortuitous, but the position 
of the granophyre plot in the high-pressure 
region of the diagram is consistent with its a 
sociation with a plutonic rock. The compos: 
tion of the granophyre permits the hypothess 
that it is a residual magma (Bowen, 1937, p. 
11-13; Chayes, 1952, p. 239-244; Tuttle and 
Bowen, 1958, p. 75-80) derived from the con- 
solidation or selective fusion of the quart 
diorite. The southwestern Umnak rhyolite plot 
(32, or its computed groundmass composition, 
32g) falls a few per cent closer than the grano 
phyre plot to the silica corner, or in the areal 
the investigated system corresponding to low 
(near-atmospheric) pressures. This relationship 
is consistent with its being extrusive. The 
modal compositions and textures of both rock 
suggest that they may have been very near the 
quartz-alkali feldspar phase boundary at the 
time of consolidation, for the granophyre cor 
tains about 29 per cent quartz and 25 per cent 
orthoclase, micrographically intergrown, and 
44 per cent albite-oligoclase, and the rhyolite 
contains abundant spherulitic intergrowths 
quartz and alkali feldspar. By comparison, the 
rhyolite obsidian (19) of northeastern Umnak 
contains oligoclase microlites but no quartz, 
and its composition falls on the alkali feldspar 
side of the low-pressure phase boundary (Fig. 
8). 
That the southwestern Umnak rhyolite (32) 


Isc 
mun: 
line 
Fig. 
silici 


coul 
fusic 
dior 
phe 
sthe 
core 
eXce 
min 
Um 
mec 
Boge 

¥ 
Bog 
plos 


volc 


the 


= 


granite 
2 Tuttle 
1e phase 
t coine- 
position 
pressute 
its 
posi- 
‘pothess 
1937, p. 
ttle and 
the con- 
quartz 
lite plot 
position, 
e grano- 
e area ol 
to low 
tionship 
ve. 
th rocks 
near the 
at the 
yre con 
er cent 
a and 
rhyolite 
ywths of 
son, the 
Umnak 
quartz, 
feldspar 
ry (Fig. 


lite (32) 


PETROLOGY 


EXPLANATION 


Northeastern Umnak rhyolite 

Southwestern Umnak rhyolite 

Granophyre of southwestern Umnak 

Quortz keratophyre of southwestern Umnok 
Argillite of southwestern Umnok 

Column of analysis, Table |; g indicates ground- 
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500" \sobaric phase boundary between quartz and 


Ternary eutectic between quortz, potassium- 
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mass 
alkali feldspar in Q-Ab-Or-H20 system, 
showing’ position of thermal minimum 


(Tuttle and Bowen) 


rich alkali feldspar, and sodium-rich alkali 
feldspar (Tuttle and Bowen) 


Or 


Weight percent 


Ficure 8,—Ternary Diacram SHowine Priors or Hicuiy Sizicic Rocks on Normative Quartz 
(Q)-Avsirs (Ab)-Orruocrase (Or) Diacram 

Isobaric phase boundaries and thermal minima after Tuttle and Bowen (1958, Fig. 38). Heavy line encloses maxi- 

mum concentration of granite analyses from Washington’s tables (Tuttle and Bowen, 1958, Fig. 42); heavy dashed 

line encloses maximum concentration of silicic extrusive rocks from Washington’s tables (Tuttle and Bowen, 1958, 

Fig. 41). Plots of quartz keratophyre and argillite show departure of albitized (metasomatic) rocks from those of 


silicic igneous rocks. 


could also have originated, possibly by selective 
fusion, from the southwestern Umnak quartz 
diorite (24) or similar rock is shown by sparse 
phenocrysts of biotite, hornblende, hyper- 
sthene, quartz, and labradorite—the last as 
cores in sodic andesine. All these phenocrysts 
except the sodic andesine are the typical 
minerals of the quartz diorite of southwestern 
Umnak (Table 2, no. 24) and may have been 
mechanically carried along in the regenerated 
thyolitic liquid. 


Bogoslof Volcanic Suite 


The alkali-calcic, two-plagioclase lavas of 
Bogoslof have occurred as plug domes and ex- 
plosive ejecta rich in hornblende at the top of a 
Volcano that is largely submarine, rising from 
the Bering Sea floor, 1 mile below sea level. It 


may be significant that the earliest known dome 
extruded in 1796 is a silicic andesite (35) and 
the most recent dome extruded in 1927 is a 
subsilicic basalt (34). An analysis of the 1883 
hornblende basalt of Fire Island (Merrill, 1885, 
p. 32), reproduced as analysis number 36° on 


5 The other analysis published by Merrill (1885, p. 32) 
and cited in later publications was of a specimen col- 
lected from the 1796 dome (Old Bogoslof), judging from 
the petrographic descriptions (Merrill, 1885, p. 31-32). 
This analysis is indicative of a slightly more mafic facies 
(56.07 per cent, SiO2; 2.12 per cent, MgO) than those 
represented by Fenner’s specimen (Table 1, no. 37) and 
by this writer’s (Table 1, no. 35) collected for this in- 
vestigation. The analysis of Old Bogoslof in Merrill’s 
paper is not reproduced here because it adds essentially 
no new information and may be inferior to the later 
analyses. 
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Table 1, indicates that the 1883 dome was inter- 
mediate in composition between the 1796 and 
the 1927 domes, as well as intermediate in time. 
The 1883 dome is not intermediate geographi- 
cally, however (PI. 1). 

The change of composition with time does 
not necessarily reflect the trend of differenti- 
ation, for as Wilcox (1954, p. 319) pointed out 
in the case of Paricutin lavas, Mexico, the mag- 
matic diversification may have been essentially 
complete in the magma chamber prior to onset 
of eruption. The over-all historic time span, 131 
years, for the recorded Bogoslof eruptions, is 
an order of magnitude longer than the 9 years 
of the Paricutin eruptions (Wilcox, 1954, p. 
284-289), and considerable periods of quies- 
cence occurred during the known period of the 
Bogoslof eruptions. Yet certain phenocryst 
minerals common to both the 1796 hornblende 
andesite and the 1927 basalt suggest that the 
two may have come from the same magma 
chamber. The clinopyroxenes from both rocks 
are salites or possibly ferrosalites near salite 
that are very close in composition, judging from 
refractive indices, 2V, pleochroism, and crystal 
habit. The anorthite-bytownite cores (3 per 
cent of the rock) in the center of many andesine 
phenocrysts in the 1796 andesite are closely 
similar in range of composition with the anor- 
thite-bytownite that forms the bulk (26.5 per 
cent of the rock) of the phenocrysts in the 1927 
basalt. One receives the impression from the 
sharp composition discontinuity that the anor- 
thite-bytownite occurred in the magma as seed 
crystals around which were precipitated many 
of the andesine phenocrysts of the hornblende 
andesite. Such relationships of the plagioclase 
could be explained if all the Bogoslof domes 
have come from a common magma chamber 
that has been in existence during the entire 
period of the Bogoslof eruptions. 

Fractional crystallization as a mechanism for 
the diversification of the Bogoslof lavas is only 
one of several possible mechanisms. The ground- 
mass composition of the 1927 basalt (Table 5, 
no. 34g) is still subsilicic and far removed from 
that of the hornblende andesite (35g). The 
groundmass of the andesite (Table 5, no. 35g), 
however, is quartz latitic (rhyodacitic) in com- 
position, so that a highly silicic differentiate 
could have been produced by filter pressing 
(pressure) of the partly crystalline hornblende 
andesite. The fact that eruptions after the 1796 
hornblende andesite have been basaltic sug- 
gests that the dominant mechanism for diversi- 
fication of Bogoslof lava may have been a pro- 
gressive selective fusion whereby the silicic 
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magmas were erupted first. The specimens rep 
resenting the Bogoslof suite are unfortunatek 
too few to assess even qualitatively the rok 
played by assimilation and melting of sialic 
rock, selective fusion, fractional crystallization, 
and mixing of magmas. 


Crystallization of Pyroxenes 


The crystallization of pyroxenes in naturl 
magmas has been discussed by many writer, 
principally Barth (1931), Tsuboi (1932), Hes 
(1941), and more recently by Barth (1951) 
Muir (1951), Poldervaart and Hess (1951) 
Kuno (1955), and Wilkinson (1956), who shox 
compositional trends during crystallization on 
the diopside (CaMg)-hedenbergite (Cae: 
enstatite (Mg)-orthoferrosilite (Fe+?) diagram, 
An attempt is made here to infer compositional 
trends of the two volcanic suites of Umma 
from the optical data on the crystalline phass 
and from computed chemical data on the 
former liquid phases, now groundmasses and 
aphyric lavas. The trend of fractionation of the 
possible liquids with respect to the principal 
metal components of pyroxene can then he 
compared to the solid crystalline phases in Un 
nak rocks. 

The variation of the two Umnak volcanic 
suites with respect to the principal components 
of pyroxene is presented on a triangular dix 
gram (Fig. 9) showing plots of computed bulk 


compositions of the phenocrystic assemblage f 


(largely inferred from optical properties), com 
puted groundmass compositions, and bulk rock 
compositions in atomic per cent of Mg, Ca, and 
Mn plus five-sixths of the total iron as Fe™. 
Compositional plots of nonvolcanic rocks, e- 
cepting the granophyre, are not shown. In 
ferred liquid trends of Bogoslof magmas are not 
shown because of insufficient data. 
Five-sixths of the total iron is calculated a 
ferrous in order to approximate the actual 
ferrous iron content of Umnak magmas during 
the crystallization of the pyroxenes. This ratio 
is approximately that of the least oxidized 
Umnak aphyric lavas and may therefore bk 
presumed to approach the actual iron ratio it 
the subterranean magmas. The Fet+?/Fet*+ 
Fet+® ratio of some of the more silicic south 
western Umnak magmas may have been slightly 
less (7. e., they may have been more oxidized) 
at depth, possibly owing to greater water cot 
tent (G. C. Kennedy, 1948, p. 543-544; Os 
borne, 1959, p. 643-644), but the plots in Fig 
ure 9 would not be significantly changed had 
an iron ratio of three-fourths been used. 
Such a diagram as Figure 9 may be useful to 
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(Wollastonite) 
EX PLANATION (Anorthite) 
Northeastern Umnak phenocryst assemblage (c), 
groundmass (g), or entire volcanic rock 
lavas and groundmasses 
Bogosiof phenocryst assemblage (c), ground- 
mass (g), of entire volcanic rock Long dashed curve drown to fit 
Granophyre plots of southwestern Umnak 
Column of analysis, Table 1 aphyric lavas and ground- 
Tie line connecting entire composition masses, excepting 22g and 23g 
of rock with thot of its 
phenocryst assemblage (c), 
ond groundmass (g) 
/ 
le 1 
/ 
Mg M M -- Mn+5/6 total 
(Enstatite) (Olivine) (Hypersthene) atomic percent (Orthoferrosilite) Fe as Fet2 


mE 9,—TERNARY VARIATION DiacRaM SHow1nc PLots oF Granopuyre, Lava, PHenocryst ASSEMBLAGE (C), AND 


Grounpass (g) Compositions witH Respect To Macnesium, CatciuM, AND Ferrous IRON 


Plots of nonvolcanic rocks (excepting granophyre) omitted from diagram. 


test the trend of two possible lines of liquid 
descent with respect to the principal compo- 
nents of pyroxene for northeastern and south- 
western Umnak, as determined by the plots of 
compositions of northeastern Umnak aphyric 
lavas and groundmasses (lg, lAg, 4g, 5g, 6g, 
7g, 10, 11, 13, 14, 15, 16g, 17g, 18, 19, and 20) 
and by the plots of southwestern Umnak lava, 
groundmass, and granophyre compositions (21, 
26, 27, 28, 30, 32g, and 33). Plots of the pheno- 
cryst-assemblage compositions, bulk composi- 
tions, and groundmass compositions are con- 
nected by dashed tie lines, as in Figure 7. The 
wide diversity in phenocryst composition be- 
tween those porphyritic lavas containing 
chiefly plagioclase phenocrysts (near the cal- 
cium corner) and those containing only olivine 
phenocrysts (at the base of the triangle near 
the magnesium corner) is especially well 
demonstrated in Figure 9. 

The inferred liquid trends with respect to 


atomic per cent of Ca, Mg, and Mn + five- 
sixths Fe as Fet? and also the compositions of 
the pyroxene phases that crystallized from the 
lavas of Umnak and Bogoslof are shown on 
Figure 10, a composite diagram, made by com- 
bining Figures 9 and 3. The data plotted may 
be slightly erroneous, inasmuch as the plot of 
the optically inferred composition of the 
analyzed augite differs by about 10 per cent 
from its true plot based on chemical analysis. 
The relative positions and trends of the crystal 
phases, however, would only be shifted, rather 
than nullified, were chemical analyses of all 
the pyroxene phases available. 

The tie lines showing inferred equilibria be- 
tween pyroxene crystals and principal com- 
ponents of pyroxenes in inferred magmatic 
liquids of Umnak may perhaps not represent 
the actual equilibria in the Umnak magmas. 
But it may not be fortuitous that the trend of 
the northeastern Umnak liquid curve toward 
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Compositional trend ot 
northeastern Umnok pyroxenes 
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Compositional trend of 
southwestern Umnak pyroxenes 


Inferred compositional trend 
“of northeastern Umnoak 
mogmotic liquids 


Inferred compositional trend 


of southwestern Umnok 
mogmotic liquids 


Tie lines showing inferred analyzed augite, 
optical determination 
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Ca 
(Wollastonite) 


Cayo Fego (Fig. 10) could be accomplished by 
separation first of diopsidic augite followed by 
augite increasingly more pigeonitic in composi- 
tion, as shown by Barth (1931, p. 199; 1936, 
p. 327) for intra-Pacific lavas. The trend of the 
southwestern Umnak liquid curve as de- 
termined by the aphyric lavas is sharply up- 
ward toward calcium. This calcium enrichment 
in the liquid might result from early separation 
of magnesium-iron-rich hypersthene together 
with augite followed by instability of the 
hypersthene (observed in all thin sections of 
southwestern Umnak lavas) and replacement 
by more augite (moderate to large 2V and 
therefore not pigeonite). Clinopyroxene pheno- 
crysts are rare or lacking in the more silicic 
aphyric lavas of southwestern Umnak, and the 
only suggestion is toward a clinopyroxene phase 
more rich in iron, namely a ferroan augite or 


equilibrio between crystals (Diopsi 
and magmatic liquids iopside) y (Hedenbergite) 
6 
Northeastern Umnak ougite 
4 
a analyzed augite, 
Southwestern Umnak clinopyroxene chemical analysis 
a 
Bogoslof clinopyroxene groundmass 
pyroxene 
4 
/ 
/ / 
(Enstatite) S.W. Umnak lavas atomic percent (Orthoferrosit 


#* Mn+5/6 of total iron in case of inferred liquid plot 


Ficure 10.—Trernary Diacram SHowinc HypoTHeTicAL CRYSTALLIZATION OF PyROXENES IN IGNEOUS Rocks oF 
Umnak AND BocosLorF 


Numbers correspond to columns of analyses in Tables 1 and 2. 


ferroaugite as shown by a ferroan augite pheno 
cryst in the rhyodacite pumice (30) and similar 
ferroan augites in the porphyritic andesite 
(22, 23). The upward swing of the southwestem 
Umnak liquids toward a calcium-rich compos 
tion is probably real, but it may not be related 
to separation of ferroaugite from magmatic 
liquids in the mediosilicic range. 

The Bogoslof magmatic liquids that pre 
cipitated (ferro)salite phenocrysts (34, 35) may 
lie above the diopside-hedenbergite join (Fig 
10), but only roughly approximate compos 
tions of these liquids can be inferred from the 
present analytical data on the Bogoslof lavas 
It should also be remembered that the Bogo 
slof lavas are rich in alkalies (Fig. 4), and the 
hornblende andesite (35) contains analcite 
the groundmass. Wilkinson (1956, p. 724), ina 
study of the differentiated teschenite (analcite 
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bearing olivine gabbro) sill near Gunnedah, 
New South Wales, Australia, found that the 
clinopyroxene phase remained salite with little 
change in composition throughout the differ- 
entiation sequence of the sill, whereas the other 
crystal phases, plagioclase and olivine, changed 
through a considerable range in composition. 
The small change in the Bogoslof clinopyrox- 
enes with a large change in silica composition 
is consistent with Wilkinson’s studies, for the 
Bogoslof basalts are almost as alkalic as teschen- 
ite. 

To summarize, one series of ferromagnesian 
minerals is associated with the iron-rich line of 
liquid descent inferred from compositions of 
northeastern Umnak lavas and another with 
the alumina-rich line of liquid descent inferred 
from compositions of southwestern Umnak 
lavas. The series olivine and diopsidic augite to 
iron-rich olivine and subcalcic or pigeonitic 
augite is typical of northeast Umnak basaltic 
lavas. This trend is probably due in part to the 
initial temperatures of the basalt having been 
above the clinopyroxene-orthopyroxene in- 
version (Poldervaart and Hess, 1951, Fig. 4; 
Kuno, 1955, Fig. 1) and having been followed 
by rapid chilling (Kuno, 1955, p. 87-88). The 
ferromagnesian series in lavas of southwestern 
Umnak comprises augite, ferroaugite, and 


fhypersthene, which ‘becomes unstable with 


changing composition of the magna and is re- 
placed by ferroan augite or ferroaugite. The 
occurrence of two pyroxenes in -the south- 
western Umnak lavas, which are generally 
more silicic than northeastern Umnak lavas, is 
due probably to their lower temperature of 
initial crystallization, which is below the maxi- 
mum temperature of exsolution controlled by 
the solvus surface for two pyroxenes (Polder- 
vaart and Hess, 1951, Fig. 2; Barth, 1951, Fig. 
|). Pigeonite may occur in northeastern Umnak 
basalts and andesites as tiny microlites too 
mall to identify optically. Olivine and hyper- 
sthene were not observed to have a reaction 
lationship in any rock, but sparse olivine 
with augite reaction rims occurs without 
hypersthene in the aphyric basaltic andesite 
(21) of southwestern Umnak. 


Possible Effect of Alumina 


The crystallization of the pyroxenes in Um- 
ak lavas has been discussed without considera- 
tion of the possible effect of alumina. A general 
indication of the alumina saturation of a rock 
given by the C.I.P.W. norm in that excess 
alumina appears as corundum. This normative 


excess alumina is commonly not more than a 
few per cent, and it may be related to high 
alumina in hydrous minerals like the micas, 
which are not calculated as normative minerals. 
Commonly high alumina may reflect an error 
in the chemical analysis, but if the presence of 
excess alumina is real it may have genetic sig- 
nificance. The degree of alumina saturation can 
be shown graphically on two triangular dia- 
grams, base to base, as shown in Figure 11. 
Normative albite and anorthite are represented 
along the common base, and normative diop- 
side and corundum are at opposite corners. 
This diagram is useful in showing alumina 
saturation, for in the norm calculation, alumina 
in excess of that needed in calculating norma- 
tive feldspars is calculated as corundum. Hence, 
normative diopside and corundum are mutually 
exclusive pairs in the norm calculation. 

This feature of the norm calculation also has 
real significance, in so far as the actual minerals 
in igneous rocks are concerned, for many 
petrologists (Bowen, 1922, p. 550-558; Tilley, 
1923, p. 418; Read, 1924, p. 438-441) have 
noted a probable genetic relationship between 
assimilation of aluminous sediments into the 
magma and the appearance of hypersthene, ac- 
cording to the reaction: 


AloSiOs Ca(Mg, Fe)SizO¢ 
(argillite) (clinopyroxene) 
= CaAlsSig0g + (Mg, Fe)SiO; 
(anorthite) (hypersthene) 


The southwestern Umnak volcanic rocks are 
generally richer in alumina than thoe of north- 
eastern Umnak and for the most part contain 
hypersthene (Fig. 11, H or h). Rare hyper- 
sthene was tentatively identified in the more 
silicic welded andesite (16) and other pyro- 
clastic beds of northeastern Umnak (Byers, 
1959, p. 318), but these rocks were magmas of 
the catastrophic caldera-forming eruption of 
Okmok Volcano and may have assimilated 
some sialic crustal rock. The difference in 
alumina saturation is most pronounced and 
probably significant in the basalt to andesitic 
range and in the rhyolite range. The plot of the 
albitized argillite (31) indicates that it contains 
a considerable excess of alumina with respect 
to alkalies and lime. The actual percentage of 
the alumina in the argillite, however, is below 
that of the southwestern Umnak igneous rocks. 

The generally higher alumina content of the 
southwestern Umnak lavas could have come 
partly from assimilation of argillaceous sedi- 
ments higher in alumina than the analyzed 
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h Hypersthene phenocrysts ‘ess than 2% in rock 


4 Hypersthene phenocrysts greater than 2% in rock 

Northeastern Umnak phenocryst assemblage (c), groundmass (g), 
or entire volcanic rock 

Southwestern Umnak phenocryst assemblage (c), groundmass (g), 
or entire volcanic rock 

Bogoslof phenocryst assemblage (c), groundmoss (g), or 
entire volcanic rock 

Northeastern Umnak polagonitized volcanic rock 

Southwestern Umnak plutonic rock 

X Altered (metasomatic) rock 

@ Southwestern Umnak argillite 

Column of anolysis, Table 1 

Tie line connecting entire composition of rock with that of 


its phenocryst assemblage (c), ond groundmass (g) 
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argillite. If the excess quartz, mainly in the 
form of secondary chert, is calculated out, at 
least 18 per cent of alumina would be present. 
Studies on the alumina content of shales and 
their metamorphic equivalents (Nanz, 1953, p. 
51-64; Shaw, 1956, p. 919-934) indicate that 
the average alumina content of shale ranges 
from 1614 to 19.0 per cent, depending on 
geologic age and tectonic environment. The 
maximum alumina content of shales in orogenic 
environments ranges from 21 to 26 per cent 
according to the data presented by Nanz (1953) 
and by Shaw (1956). 

Osborn (1959, p. 639-641) has proposed 
another source for the high alumina in orogenic 
suites. He has shown by a subtraction diagram 
that orogenic (high-alumina) basalt could be 


produced by fractional crystallization of olivine 
tholeiitic (low-alumina) basalt. The compos: 
tions derived from the subtraction diagram 
(Osborn, 1959, Fig. 13) are based on the reason 
able assumption that the per cent KO is zew 
in the crystals separated from the tholeiiti 
olivine basalt magma; thereupon alumina al 
falls to zero in the phenocryst material sub 
tracted by the very fact of the steepness of the 
alumina line determined by connecting the 
high alumina in the orogenic basalt with the 
low alumina of tw: choleiitic olivine basalt 
Osborne interpret: che lack of alumina (and 
also soda) in the p.--nocryst aggregate to ind: 
cate that the components of plagioclase are de 
layed in crystallizing and therefore are & 
riched in the residual liquid, which may be 


A 
pre 
salt 
earl 
nor 
rela 
sing 
alur 
esp 
the 
by 
incr 
incr 
cien 
as 
gen 
that 
be s 
of tl 
Com 
V 
1957 
Unit 
com: 
aphy 
volc 
socia 
thyo 
prov 
194] 
the | 
63,9. 
herr 
1935 
(Anc 
large 
sidec 
Ran, 
form 
ande 
(195, 
calde 
Crat 
Glen 
: 


we 


14 


(di), 


of olivine 
compos 

diagram 
1e reasoli 
O is zero 
tholeiitic 


PETROLOGY 


truded as a high-alumina orogenic basalt. The 
present writer agrees that high-alumina ba- 
altic liquids can be derived by separation of 
early formed olivine and pyroxene; in fact the 
groundmasses 1g and 1Ag (Table 5) of the 
northeastern Umnak olivine-rich basalts are 
relatively high in alumina. 

The crux of the problem in the rocks of a 
single suite is seemingly in the degree of 
alumina saturation, rather than alumina, per se, 
especially in the mafic members of a suite. Os- 
borne (1959, p. 642-644) further shows that 
the orogenic andesites were probably derived 
by fractional crystallization under constant or 
increasing oxygen pressure derived from the 
increased water from sediments in an orogenic 
belt. Why would not the magma, given suffi- 
cient excess heat after rising from depth, also 
assimilate alumina from shaly sediments as well 
as water? The basalts and andesites of an oro- 
genic belt commonly contain so much alumina 
that corundum appears in the norm. This will 
be shown to be typical of Cascade rocks by use 
of the alumina-saturation diagram. 


Comparison with Other Circum-Pacific Lavas 


Volcanic suites similar to those of Umnak are 
known elsewhere in the Aleutian arc (Coats, 
1952), in the Cascade Range of northeastern 
United States, and in Japan. Williams (1935, p. 
197) and Anderson (1941, p. 404-405) have 
commented on the differences between the 
aphyric basalt-rhyolite association of shield 
volcanoes of the eastern, interior Cascade petro- 
graphic province and the predominantly hyper- 
sthene-bearing porphyritic andesite-dacite as- 
wciation of the more westerly High Cascade 
province. The alkali-lime index of the basalt- 
thyolite association of the eastern Cascade 
province ranges from 58 to 6014 (Anderson, 
1941, p. 401), whereas the alkali-lime index of 
the porphyritic andesite-dacite association of 
the High Cascade province ranges from 61.5 to 
63.9. Basaltic shield volcanoes, such as New- 
berry Volcano of central Oregon (Williams, 
1935, p. 266) and the Medicine Lake Highland 
(Anderson, 1941, p. 358-360), commonly have 
large central calderas in contrast to the steep- 
sided andesite peaks of the High Cascade 
Range. Although Crater Lake caldera, Oregon, 


.| formed at the crest of a steep-sided hypersthene 


andesite volcano, Williams (1941) and Kuno 


i} (1953) have emphasized that two types of 


talderas exist: (1) the Krakatau type, of which 
Crater Lake caldera is an example, and (2) the 


| Glencoe type, of which the Hawaiian calderas 
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and the Mull calderas are examples. This writer 
would include also Okmok, Newberry, and 
Medicine Lake calderas with the Glencoe type. 
Kuno (1953, p. 268-270) has shown the 
Krakatau type to be associated with hyper- 
sthene-bearing, low-iron, contaminated lavas 
and the Glencoe type to be associated with 
pigeonite-bearing, high-iron lavas, produced by 
fractionation with a minimum of contamina- 
tion. 

Evidence is also forthcoming that the lavas 
of Mount Rainier of the High Cascades were 
formed by partial fusion of underlying dioritic 
rocks. The Snoqualmie granodiorite, which 
grades into quartz diorite, forms a part of the 
basement upon which the Pleistocene Mount 
Rainier hypersthene-bearing plagioclase an- 
desites were extruded (Coombs, 1936, p. 169- 
180). The lavas contain an earlier generation 
of large sodic plagioclase phenocrysts (Ang7—52) 
with jagged outlines and rounded resorbed 
corners (Coombs, 1936, p. 178-180). The 
Mount Rainier lavas, judging from Coombs’ 
description, closely resemble those of Mount 
Recheschnoi on southwestern Umnak. 

If hypersthene-bearing labradorite andesites 
of the High Cascades are actually derived from 
incompletely fused sial, they should likewise 
be high in alumina. Verhoogen (1937, p. 292) 
has noted: 


“Quite typical of these two volcanoes [Mount 
Shasta and Mount St. Helens] is the alumina con- 
tent; it is virtually independent of the silica con- 
tent, whereas in other lavas the alumina curve falls 
off rapidly with increasing acidity. Much signifi- 
cance may be attached to this fact... . Another 
possibility is that the alumina content was increased 
by the assimilation of argillaceous sediments. In 
this connection it may be of some interest to recall 
that both Mount Shasta and Mount St. Helens 
probably rest on a basement of mudstones and 
shales.” 


The alumina saturation of Cascade rocks 
from several areas is plotted on the diamond- 
shaped (normative) diopside-anorthite-albite- 
corundum diagram (Fig. 12), which also illus- 
trates similar relationships of the Umnak rocks. 
The symbols used are analogous to those for 
similar Umnak rocks. The average Columbia 
River basalt was computed by Waters (1955, 
Table 1) (See Table 7, this paper). The Stayton 
basalts resemble the low-alumina Columbia 
River basalt (Thayer, 1937, p. 1647). The 
presence or absence of hypersthene and horn- 
blende in the Cascade rocks plotted in Figure 
12 is shown on Figure 13. Where hypersthene 
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and hornblende are absent, a capital ‘‘C’”’ indi- 
cates clinopyroxene as the chief mafic mineral, 
although clinopyroxene is ubiquitous in all 
Cascade rocks. The presence of hornblende is 
indicated on Figure 13 because in a few rapidly 
extruded Cascade lavas, hornblende, which is 
lime-poor, was formed in the high-pressure 
water-rich intratelluric environment appar- 


Stayton basalts (Thayer, 1937) 


Hypersthene andesite of S.W. Umnak 
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“‘hypersthenic rock series” that are analogous 
to the northeastern Umnak and southwestem 
Umnak lavas, respectively. The porphyritic 
hypersthene-bearing andesites of the ‘‘hyper- 
sthenic rock series” very closely resemble thos 
of southwestern Umnak and are believed by 
Kuno (1950, p. 995) to represent assimilation 
of volatile-rich granitic and related rocks. Two 


Average Columbia River basalt (Waters, 1955) 


Lavos of Newberry and Medicine Lake volcanoes (Williams, 1935, Anderson, 1941) 
Lavas of High Cascade volcanoes (Williams, 1934; Verhoogen, 1937) 


Average aphyric basalt of N.E. Umnak 


diopside 


corundum 


Ficure 12.—Portion oF Normative DiopsipE-ANORTHITE-ALBITE-CORUNDUM DIAGRAM SHOWING 
Priors oF PrincipAL UMNAK-}30cGosLoF Rock Types CoMPARED WITH SIMILAR PLots oF CascapE Rocks 


ently in place of hypersthene. This diagram 
illustrates the tendency of hypersthene to occur 
in Cascade volcanic rocks whose compositions 
contain normative corundum or are low in 
normative diopside, like some of the south- 
western Umnak rocks. The high alumina in the 
High Cascade volcanic rocks, as in many of the 
southwestern Umnak rocks, is probably tlic 
principal factor in the separation of hyper- 
sthene, according to Bowen’s reaction (1922, 
p. 550-558). The average Columbia River ba- 
salt is distinctly lower in alumina saturation 
than all Cascade lavas (Fig. 12), and further- 
more, hypersthene does not occur in any Co- 
lumbia River basalt (Waters, 1955, p. 708). 

A somewhat similar analogy to the two types 
of Umnak lavas is described by Kuno (1950, p. 
992-995) at Hakone Volcano, Japan. Kuno dis- 
tinguishes a ‘“‘pigeonitic rock series’ and a 


similar volcanic suites have also been reported 
by Kuno (1935, p. 153-162) in the Kuriles. 


Relationship of Volcanic Suites to 
Possible Tectonic Features 


The volcanic suites of Umnak and Bogoslof 
probably differ in their petrology because of 
their position with respect to the major axis of 
the Aleutian arc. The problem of relating a 
given magma series to the regional tectonicsis 
becoming less difficult as more geologic and 
geophysical surveys are made, particularly of 
island-arc structure. The classic gravity surveys 
of Vening Meinesz (1934) and the experiments 
of Kuenen (1936) laid the groundwork for 
theory of island-arc structure. Hess (1938; 
1948) has contributed data in the West Indies 
and the western Pacific. Seismic plotting of 
deep-focus earthquakes by Benioff (1949; 1954) 
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has suggested that a typical island arc is under- 
lain by a large thrust fault dipping moderately 
toward the inner concave side; Benioff (1957) 
has modified his concept recently to include 
strike-slip movement. Others have attempted 
to correlate the effusive product with respect 
to the major orogenic axis or proximity to the 
concave or convex side of the arc (Edwards,, 
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bearing andesitic volcanoes of southwestern 
Umnak rest on a thicker sial with respect to 
northeastern Umnak will kave to await inter- 
pretation of a gravity survey of the Aleutian 
are. 

The differences in the three volcanic suites 
of northeastern Umnak, southwestern Umnak, 
and Bogoslof may be ultimately related to dif- 


© Average Columbia River basalt (Waters, 1955) 
Cp, Clinopyroxene without hypersthene or hornblende 


h, Hypersthene < 2% 
H, Hypersthene > 2% 
Hb, Hornblende present 


diopside 
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Ficure 13.—PortTion oF Normative DIAGRAM SHOWING 
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1935; Yossii, 1937; Tomkeieff, 1949; Umb- 
grove, 1949; Barth, 1956; Kuno, 1959). 

Byers (1952, p. 1323) proposed a preliminary 
generalization that the hypersthene-bearing 
andesite volcanoes might rest on the thicker 
part of the sialic crust with respect to a hypo- 
thetical cross section of the Aleutian arc and 
that the hypersthene andesite volcanoes might 
have originated through generation of magma 
by downbuckling of the sial into a hotter depth 
zone. Kuno (1952, p. 226-231) at about the 
same time made similar generalizations that in- 
dicated a direct relationship between number of 
Japanese hypersthene-bearing volcanoes per 
unit area and thickness of the crust. He con- 
cluded that the percentage of hypersthenic or 
“contaminated” volcanic rocks was highest in 
the areas of thickest sialic crust as deduced from 
negative gravity anomalies (C. Tsuboi in Kuno, 
1952, Fig. 2). Whether or not the hypersthene- 


ferences in tectonic position with respect to the 
Aleutian volcanic arc. Benioff (1954, p. 391) 
from the evidence of deep-focus earthquakes 
shows that the outer convex side of the Aleutian 
Ridge toward the Aleutian Trench is probably 
the scarp of a thrust fault, dipping 28° under 
the Aleutian Ridge away from the Pacific basin. 
Gates and Gibson (1956, p. 127-146) have 
elaborated on this pattern from submarine- 
contour studies in the western Aleutians. They 
suggest two parallel thrust faults, one emerging 
at the break in slope between the Aleutian 
Bench and the Ridge, and the second fault 
emerging in the Aleutian Trench. The Aleutian 
Ridge is believed to be thrust upward and 
toward the Pacific (convex) side, causing a 
tensional normal fault on the Bearing Sea side 
of the Aleutian Ridge. 

This tectonic pattern fits the observed geo- 
graphic distribution of the two volcanic suites 
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on Umnak. The tholeiitic basaltic rocks of 
northeastern Umnak are closer to the Bering 
Sea side (Pl. 1) and are dominated by tension 
faulting, e. g., caldron subsidence, a possible 
volcanic sector graben on Okmok Volcano, and 
a horst area on northeasternmost Umnak Island 
(Pl. 1; Byers, 1959, Pl. 41). Southwestern Um- 
nak, however, has steep-sided cones of porphy- 
ritic andesite perched ona Tertiary and older(?) 
sialic basement, whose surface rises at least 1000 
feet above sea level. This surface has been raised 
and probably upwarped in Quaternary time as 
a result of compressional forces normal to the 
arc. Benioff (1954, p. 399-400) has postulated 
that the heat generated as a result of flexing the 
crest of an orogenic arc may be responsible for 
melting the sialic crust beneath the crest of the 
upwarp. Compressional failure of the sialic rock 
at relatively shallow depth (Uffen, 1959, p. 119) 
and tension fractures at the crest of the warp 
would both lower the melting point of the rock 
below the ambient temperature and would al- 
low the generated magmatic liquids to escape. 
That the hypersthene andesite volcanoes of 
southwestern Umnak were generated within 
the sialic crust at not too great a depth is sug- 
gested not only by the close agreement in com- 
position between the individual volcanic rocks 
of southwestern Umnak and some of the 
plutonic rocks, but mainly by remnant min- 
erals of the plutonic rocks that occur as partly 
resorbed phenocrysts in the extrusive rocks. 
Mixing of quartz dioritic and olivine basalt 
magmas have occurred beneath the isthmus 
portion of Umnak (PI. 1), indicating that be- 
tween the southwestern Umnak hypersthene 
andesite volcano and northeastern Umnak ba- 
saltic volcano mixing presumably occurred 
either at the base of the crust or as a result of 
superheated olivine-rich basalt magma being 
injected into the crust from below. 

The slightly alkalic rocks of Bogoslof and the 
extremely alkalic rocks of the Pribilof Islands 
(Barth, 1956, p. 101-160) farther north in the 
Bering Sea basin are both on the concave side 
of the Aleutian arc. Tomkeieff (1949, p. 106) 
and Barth (1956, p. 150-152) have related the 
generation of alkalic rocks on the concave side 
of the arc to tension faulting. The alignment of 
the three Bogoslof vents (Pl. 1; Byers, 1959, 
Fig. 53) is about N. 15° W. or approximately 
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at right angles to the trend of the arc in the 
vicinity of Umnak. This writer would infer this 
alignment to be a surface manifestation of an 
underlying fissure of the same trend. This in- 
ference is also supported by a low submarine 
ridge that extends from Bogoslof south-south- 
east toward northeastern Umnak (Byers, 1959, 
Pl. 39). Such tension fissures might be expected 
to result from tear faulting, if the Aleutian are 
is being thrust outward toward the Pacific 
basin. 

Some writers have emphasized recently the 
possible significance of strike-slip movement 
along faults bordering the Pacific Ocean. St. 
Amand (1957a, p. 407; 1957b, p. 1367) and 
Benioff (1957, p. 400-401) have inferred a 
strong component of strike-slip movement 
along faults in the Aleutian arc, based on 
seismologic inferences and an earlier geologic 
description by Knappen (1929, p. 207). That 
there may be some component of strike-slip 
movement along shears parallel to the Aleutian 
arc certainly cannot be disproved at present, 
As St. Amand (1957a, p. 407) pointed out, 
Knappen (1929, p. 207) also cites considerable 
evidence for thrusting in the Aniakchak dis- 
trict of the Alaska Peninsula (Fig. 1), and 
Benioff (1957, p. 400), while emphasizing the 
strike-slip component, still favors compression 
radial to the arc to account for the mountainous 
ridge and volcanoes of the circum-Pacific ares 
and their accompanying trenches on the Pacific 
side. 

The volcanic arcs bordering the Pacific have 
a nearly continuous string of volcanoes along 
the arc; they rest on top of or on the concave 
slope of the arcuate ridge, and they are paral 
leled continuously by a trench on the convex 
side. These features are the manifestation of 
transverse compression; in fact, the festooning 
of volcanic arcs around the Pacific Ocean 
would not in this writer’s opinion result from 
counterclockwise rotation of the Pacific basin 
block, as postulated by St. Amand (1957b, p. 
1366). Geophysical surveys and detailed geo 
logic mapping of the pre-Quaternary basement 
rocks of that portion of the Aleutian arc on 
Alaska Peninsula, where more of the crustal 
rock is exposed, would provide further data 
bearing on the problem. 
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38 
37 
BOGOSLOF I. 
Surficiat deposits Flows and pyroclastic 
(Alluvium, till, colluvium, debris 
and beach deposits) 
$2 Andesitic lavas Quortz-bearing olivine Dominantly basaltic 
2 of andesite flow rocks of < 
Mt. Vsevidof Okmok volcano 
(Includes minor (Precaldera aphyric, w 
rhyodacite of cone) matic, and feldspathic | & ¢ 
basalt, aphyric andesite, 
pyroclastic andesite and | & 
rhyodacite of Okmok 
volcanics. Precaldera 
q rhyolite dome, Qr) 
lobm|l| 
ss > 
4 
Hypersthene andesite Mafic phenocryst basalt ¢ 
ee of Mt. Recheschnoi of satellitic vents 4 
Tmp > 
Plutonic and low grade metamorphic complex < 
(includes (/) albitized igneous and rocks 
possibly pre-Tertiory rocks, (2) post-Oligocene plutonic rocks; w 
and (3) the volconic rocks ‘ot central Umnok, which have been - 
hydrothermally altered and locally potassium feldspathized) CAPE 


aa ea, 
(SW Umnak) (NE Umnok) (Bogosiof) 
Cone and lava domes 
(1, rhyolite dome; A, cinder 


cone in Okmak caldera) 
Geologic contact Tm 


Probable fault 
(Omitted around Okmok caldera) 


Strike and dip of beds 
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GENERALIZED GEOLOGIC MAP OF UMNAK AND BOGOSLOF ISLANDS, 
ALEUTIAN ISLANDS, ALASKA, SHOWING LOCATIONS OF 
CHEMICALLY ANALYZED SPECIMENS 


See Figure 1 for location 
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Radiocarbon Dating of 


Late Quaternary Deposits, South Louisiana 


Abstract: The late Quaternary deposits of southern 
and offshore Louisiana record a complete cycle of 
sea-level fluctuation which is associated with major 
changes in the volume of ice on the continents since 
the beginning of the last glacial stage. In order to 
date the major events of this cycle, 122 samples 
from both the surface and subsurface have been 
analyzed by the radiocarbon method. 

Aeustatic curve based on the age determinations 
of these samples supports previous estimates from 
geological data that the sea during the early part 
of the cycle fell to a position at least 450 feet below 
its present level. The lowest sample on this curve, 
which was deposited when sea level stood at —440 
feet, shows that this fall took place more than 
35,000 years ago. The rise of the sea during the 
middle part of the cycle occurred in two successive 
stages. The first stage is marked by a rise from more 
than-440 to -250 feet, about 200 feet, before 35,000 


years ago, followed by a long stillstand. This period 
of stillstand terminated about 18,500 years ago with 
the beginning of the second-stage rise which brought 
the sea to its present position about 5000 years ago. 
Sea level during the last part of the cycle has re- 
mained unchanged to the present. 

The eustatic curve implies that the ice sheets of 
the last major glacial stage not only reached their 
maximum extension but had begun to retreat be- 
fore 35,000 years ago. Furthermore, it indicates that 
the final stage of retreat began about 18,500 years 
ago and ended about 5000 years ago. This latter 
estimate corresponds closely to dates obtained from 
glaciated areas and deep-ocean sediments for the 
final stage of ice withdrawal. No general agreement 
exists between the eustatic data and other estimates 
on the age of the maximum glaciation and the be- 
ginning of ice retreat. 
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INTRODUCTION 


The surface and near-surface deposits of the 
Louisiana coastal marshland and adjacent con- 


tinental shelf (Fig. 1) are well known from 
previous geological investigations. These de- 
posits, as interpreted by Fisk and McFarlan 
(1955), record the latest of five major cycles 
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of sea-level change in Quaternary time. Be- 
cause the type and magnitude of these fluctu- 
ations require large-scale changes in the total 
volume of ice on the continents, this eustatic 
cycle has been correlated directly with the 
events of the last major glaciation, including 
the advance and retreat of the continental ice 
sheets to their present positions of relative 
stability. In the Gulf Coast region, this cycle 
and its associated sedimentary sequence have 
been’ termed the late Quaternary. 

In order to establish the absolute chronology 
of the events of this cycle, the late Quaternary 
sequence has been dated by the radiocarbon 
method. A total of 122 samples, consisting of 
shells, wood, peat, and other organic remains 
from widely distributed surface and subsurface 
positions have been analyzed. These data pro- 
vide an accurate and complete record of the 
later events of the cycle, including the rise of 
sea level which accompanied the final retreat 
of the ice sheets and the subsequent stabiliza- 
tion of the sea surface at its present level. 

The early events of the cycle, including the 
fall in sea level associated with the advance of 
the ice sheets, the low stand of the sea at maxi- 
mum glaciation, and the earliest rise of the sea 
from its low stand, are too old to be dated by 
the radiocarbon method. Determination of the 
ages of these events will require additional 
samples and a method of age analysis that will 
extend the 35,000-year limit of the radiocarbon 
technique. 

The surface and near-surface samples were 
collected from outcrops and from shallow 
excavations. The subsurface samples were ob- 
tained from test holes drilled by the Humble 
Division of the Humble Oil & Refining Com- 
pany and from cored foundation borings made 
by the Mississippi River Commission, Eustis 
Engineering Company, McClelland Engineers, 
Palmer and Baker Co., Inc., and David W. 
Godat and Associates. Three samples from the 
gulf bottom were supplied by the Woods Hole 
Oceanographic Institution. The radiocarbon 
age determinations were made chiefly by the 
Geochemical Research Group of the Humble 

Division of the Humble Oil & Refining Com- 
pany and, in part, by the Lamont Geological 
Observatory. 


SUMMARY OF LATE 
QUATERNARY GEOLOGY 
Stratigraphy 


The late Quaternary deposits form a grada- 
tional sequence which consists of a fine-grained 
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topstratum of silt and clay with local sand 
lenses and an underlying coarse-grained sub- 
stratum of sand and gravel. The latter deposits 
rest on the deeply weathered, subaerially 
eroded top of the Pleistocene Prairie forma- 
tion. On this eroded surface are recognized the 
buried trenches of the major coastal rivers. By 
means of borings (Fisk and McFarlan, 1955) 
and geophysical surveys (Osterhoudt, 1946), 
the largest of these, the Mississippi trench 
which underlies the Mississippi alluvial valley, 
has been traced in the subsurface across the 
deltaic plain to the shore at Timbalier Island, 
and from there seaward to the submarine 
canyon on the continental shelf. The axis of 
the trench is shown in Figure 1. 

The late Quaternary sequence thickens 
gradually seaward from a featheredge along the 
northern margin of the deltaic plain to about 
900 feet near the head of the submarine canyon, 
In transverse section, this wedge attains its 
greatest thickness near the axis of the buried 
Mississippi trench. 


Structure 


The regional variations in thickness exhibited 
by the late Quaternary deposits are the result, 
in part, of structural movement during deposi 
tion. Movement is related to a hinge zone along 
which there has been neither uplift nor dowa- 
warp relative to present sea level (Fisk, 19339; 
1940). This hinge is located along an irregular, 
generally east-trending, line which marks the 
contact between the outcrop of the Prairie 
formation and the coastal marshlands. Sex 
ward of the hinge zone the sediments have 
been downwarped, whereas inland they have 
been uplifted. The amount of downwarping 
increases toward the area of maximum deltaic 
sedimentation in the vicinity of the Mississippi 
trench. Inland uplift in late Quaternary time 
is a result of isostatic adjustment to sedi 
mentary loading and of downwarp seaward 
from the hinge. 


History 


As inferred from the geologic record, the de 
velopment of the youngest depositional se 
quence and the underlying erosional uncor 
formity is related directly to changes in the 
position of sea level associated with the waxing 
and waning of continental ice sheets during the 
last glacial stage. These changes have been used 
as a basis for dividing late Quaternary time 
into three phases (Fig. 2). 

The early phase was a period of falling se 
level and advancing ice sheets. In response to 
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SOIL ZONE 


B. Exposed Continental Shelf with entrenched 


A. Mississippi River entrenched valley 
system on costal plain. (Modified from valley system and delta. 
isk, 1952.) 
END OF MIDDLE PHASE a 
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PRAIRIE FORMATION 


C. Late deposits 
i 


valleys. (Modified from Fisk, 1952.) 


D. Late Quaternary sedimentary wedge covering 
the formerly exposed shelf. 


DIAGRAMMATIC SKETCHES DEPICTING EROSIONAL AND DEPOSITIONAL EVENTS ON THE COASTAL PLAIN AND 
CONTINENTAL SHELF DURING THE LATE QUATERNARY CYCLE. 


Ficure 2.—PrincipaL Events oF THE Late QuaTeRNARY CycLEe 


the lowered base level, streams became en- 
trenched in the coastal plain and in the ex- 
posed landward part of the continental shelf; a 
weathered and oxidized soil zone developed in 
intervalley areas; and sites of deposition shifted 
to the shelf margin (Fig. 2, A, B). Geological 
data show that, at low stage, the sea stood at 
least 450 feet below its present level. 


The middle phase was a period of rising sea 
level and retreating ice sheets. As the sea 
transgressed upon the shelf, a landward-thir 
ning wedge of sediments, grading from coars 
at the base to fine at the top, filled the trenches 
and buried the erosional unconformity (Fig. 2, 
C, D). 

The late phase has been a period of standing 
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sea level and glacial stability. This period is 
marked by a general progradation of the shore, 
resulting from construction of the medern 
deltaic and chenier plains of the coastal marsh- 


land (Fig. 1). 
RADIOCARBON AGES 


General 


The samples that were dated by the radio- 
carbon method were taken from critical posi- 
tions throughout the late Quaternary sedi- 
mentary wedge (Fig. 3). Complete descriptions 
of many of these samples, together with their 
ages and specific locations, are given in lists 
published by Kulp e¢ al. (1952), Broecker, 
Kulp, and Tucek (1956), Brannon et al. (1957), 
and Broecker and Kulp (1957). The dates and 
descriptions of 54 additional samples, which do 
not appear on the published lists, are presented 
here for the first time. 

Significant data for each sample used in the 
study are shown in the Appendix. The infor- 
mation listed for the late-phase and middle- 
phase deposits includes: type of material, type 
of sample (z.e., core or cuttings), elevation 
with respect to present sea level, and depo- 
sitional environment. For the middle-phase 
deposits, the elevation above or depth below 
sea level at the time of deposition and estimates 
of the amount of structural movement at the 
sample locality are also given. An index number 
that identifies each sample in Figures 3-9 is 
included. The master laboratory number is also 
given, so that reference can be made to the pub- 
lished descriptions. 


In general, samples from cores provide more 
reliable radiocarbon ages than those cuttings. 
Core samples are usually obtained from a smaller 
stratigraphic interval than that sampled for cut- 
tings. Sufficient material for analysis can usually 
be obtained from 1-2 feet of core, but 5-20 feet of 
strata must usually be penetrated by the rotary 
drill to provide an adequate sample. Samples of 
cuttings may be contaminated with material en- 
countered at a higher elevation in the boring as the 
drilling fluid flows from the sampled interval to the 
surface. In this investigation, every effort was made 
to avoid this type of contamination. Many holes 
were cased as they were deepened; and, when this 
could not be done, samples were collected from 
selected strata only after all loose material had 
ceased to wash from previously penetrated layers. 
In spite of these precautions, a few samples that 
were analyzed for this study may have been con- 
taminated. Some of these samples are described in 
the published lists but were not used in this study 

use their ages are anomalous and contamination 
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was suspected. Only those samples which are con- 
sidered to be free of contamination have been used 
in this report. 


These samples provide information on the 
ages of three major stratigraphic units: the soil 
zone of the Prairie formation, the substratum 
unit of the late Quaternary sequence, and the 
topstratum unit of the same sequence. Ages de- 
termined for representative subsurface samples 
taken from these major depositional units are 
presented on five cross sections constructed in 
critical areas (Fig. 3). Three of the sections 
(Fig. 4) show the deposits dated across the 
Mississippi trench. The uplifted trench fill 
north of the late Quaternary hinge line is illus- 
trated in Section A-A’; the structurally undis- 
turbed fill along the hinge line, in section B-B’; 
and the downwarped deposits south of the 
hinge line, in section C-C’. Ages determined 
for the seaward-thickened and downwarped 
subsurface deposits on the flank of the trench 
axis appear on a dip section (Fig. 5, section 
D-D’) that extends southeasterly through New 
Orleans to the continental shelf south of the 
deltaic plain. Another dip section across the 
continental shelf west of the deltaic plain (Fig. 
5, section E-E’) shows the ages determined for 
the thin sequence of late Quaternary sediments 
in an area affected only slightly by structural 
movement. 

The radiocarbon chronology of the surface 
and near-surface deposits which form the up- 
permost part of the topstratum unit is pre- 
sented on two maps, one showing the physi- 
ographic features of the Mississippi deltaic 
plain (Fig. 6) and the other the landforms on 
the chenier plain (Fig. 7). 


Soil Zone of the Prairie Formation 


The Prairie formation, which is composed of 
sediments laid down before the beginning of 
the last cycle of sea-level change, is too old to 
be dated by the radiocarbon method. Of the 
five samples of decayed wood and partially 
oxidized shells analyzed from this zone, all are 
‘‘dead.”! The dead samples were obtained from 
widely scattered localities, including the wall 
of the Mississippi trench near Franklin, Louisi- 
ana (Fig. 4, section B-B’, sample 118), the 


1 The term ‘‘dead” refers to samples too old for finite 
dating by the radiocarbon method. The finite limit of 
ages contained in this report ranges from 30,000 to 
40,000 years depending on knowledge of the statistical 
uncertainty at the time the samples were analyzed. For 
examples, see Appendix: sample 119, > 30,000, and 
sample 113, > 40,000 years. 
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LATE QUATERNARY DEPOSITS 
TOPSTRATUM 


DELTAIC-PLAIN AND ALLUVIAL-PLAIN 
[= CLAY AND SILT WITH LENSES OF 
PRODELTA CLAY AND SILT. 


SUBSTRATUM 


FINE SAND. 


Ficure 4.—RapriocaRBON AGES AND STRATIGRAPHIC 


Across THE Mississipp1 TRENCH 


walls of tributary trenches beneath New Or- 
ans (Fig. 5, section D-D’, sample 119) and 
beneath Lake Borgne (sample 120), and a 
shelf-margin shell reef underlying deposits of 
the modern birdfoot delta (sample 121). 

The absence of datable material in these 
samples suggests strongly that the finite ages 
recently reported for two samples from the 
Prairie soil zone cannot correctly date the time 
of deposition of these sediments. Both samples, 
one dated as 27,700 years old (Bray and Nelson, 
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1956) and the other, 12,180 years old (Stevens, 

Bray, and Evans, 1956), were composed of 

organic matter extracted from oxidized Beau- 

mont (Prairie) clay 2-3 feet below an uncon- 

formable contact with late Quaternary strata. 

The origin of this organic matter is in doubt; 

it may have come from plants and trees grow- 

ing on the Prairie surface sometime after soil “ 
development. If so, the ages determined from : 
such material would have no relation to the . 
time the sediments were deposited. 
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Substratum Unit 


The basal, coarse-grained fluvial and strand- 

plain deposits of the late Quaternary sequence, 
as determined by analyses of shell and wood, 
range in age from more than 35,000 years in 
the lower part of the sequence to about 5000 
years at the top. 
' The most detailed chronology of the sub- 
stratum unit is recorded in the fluvial deposits 
laid down in the Mississippi trench during the 
rise of sea level in middle-phase time. As shown 
by the hinge-line section B-B’ (Fig. 4), the se- 
quence consists of 150 feet of undatable basal 
deposits overlain abruptly by 125 feet of 
| datable sediments which range in age from 
| 16,250 years (sample 105) at —255 feet to about 
| 10,000 years at -130 feet near the top of the 
| substratum unit. Samples available from the 
substratum elsewhere in the trench correspond 
generally in age with those of the hinge-line 
section, although they include two samples 
with older finite dates. These latter two samples 
were obtained from substratum deposits of 
tributaries to the main Mississippi trench; one, 
dated at 22,100 years (Fig. 4, section A-A’, 
sample 108), came from a depth of 110 feet 
near Baton Rouge, and the other, dated at 
25,500 years (Fig. 4, section C-C’, sample 109), 
from a depth of 270 feet near Larose. As both 
samples are located in steep-floored tributaries, 
their relationship to the filling of the main 
trench is somewhat obscure. 

Although less adequately dated, the con- 
temporaneous strand-plain sediments of the 
substratum unit flanking the trench are com- 
parable in age to those of the trench fill. The 
transgressive character of these deposits, which 
resulted from the rise of sea level in middle- 
phase time, is well illustrated by their progres- 
sive increase in age with increase in both depth 
and distance south of the late Quaternary 
hinge line. As shown in Section D-D’ (Fig. 5), 
the samples with finite dates range in age from 
4800 years (sample 31), a few feet beneath the 
surface at New Orleans near the hinge line, to 
17,000 years (sample 107), 410 feet beneath the 
town of Buras which is located 80 miles south 
of the hinge. The dead sample (sample 110) at 
-325 feet, 5 miles north of Buras, is apparently 
anomalous. Although no dates are available 
trom the substratum south of Buras, other 
dated samples from south of Grande Isle show 
that the substratum deposits downdip from 
Buras are dead (samples 113, 114). This abrupt 
break in age at about 17,000 years corresponds 
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closely to the 16,250-year age of the deepest 
datable sample in the substratum deposits of 
the trench fill (Fig. 4, section B-B’, sample 
105). 


Topstra‘um Unit 


The fine-grained topstratum sediments of 
the late Quaternary sequence range in age from 
more than 35,000 years at the seaward margin 
of the continental shelf to contemporary at the 
surface of the Mississippi birdfoot delta (Fig. 
5, section D-D’). The upper part of the top- 
stratum is composed of young-surface and near- 
surface deposits of the deltaic plain and chenier 
plain; these deposits were laid down during the 
late-phase period of high-standing sea level. 
The underlying deposits which make up the 
lower part of the topstratum accumulated 
during the middle-phase period of rising sea 
level. 

SUBSURFACE DEPosiITs: The sediments of the 
topstratum beneath the deltaic plain and 
adjacent sea floor range in age from greater 
than 5600 years, 23 feet below the surface near 
the hinge line (Fig. 4, section B-B’, sample 33), 
to more than 35,000 years at a depth of 578 feet 
beneath Scott Bay, 110 miles downdip (Fig. 5, 
section D-D’, sample 86). The oldest finite age 
of these deposits was determined to be 12,500 
years (sample 82) on wood fragments from a 
depth of 132 feet, 9 miles offshore to the west 
of section D-D’. 

The subsurface deposits of the topstratum 
beneath the chenier plain and the gulf-floor 
deposits on the adjacent continental shelf west 
of the deltaic plain have a similar age span. As 
shown in section E-E’ (Fig. 5), these deposits 
increase in age from 4600 years (sample 53), 10 
feet beneath the chenier plain near the modern 
shore line, to 17,500 years (sample 47) at a 
depth of 162 feet on the continental shelf. Ad- 
ditional dates on this section are available also 
from a 10-foot core obtained by the Woods 
Hole Oceanographic Institution at a depth of 
420 feet on the seaward flank of a submarine 
mound at the outer edge of the shelf. Three 
samples, consisting almost entirely of calcareous 
algae and the foraminifer, Amphistegina lessoni, 
have been dated from the upper 8 feet of this 
core; these samples decrease in age from more 
than 35,000 years (sample 50) near the bottom 
of the core to 13,150 years (sample 48) at the 
top. 

SURFACE AND NEAR-SURFACE DEPOSITS: The 
uppermost layers of sediment beneath the 
coastal marshlands range in age from 5600 years 
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to contemporary (Figs. 6, 7). These deposits 
record the events in the construction of the 
deltaic plain and chenier plain in late-phase 
time. In the delta region, emphasis has been 
placed on dating the five Mississippi River dis- 
tributary systems previously recognized and 
mapped (Figs. 1, 3). Selected distributary 
channels in each system were dated by the 
analysis of peat, roots, tree stumps, and 
brackish-water shells collected from the basal 
deposits of natural levees or from marsh sedi- 
ments lying immediately below the levee de- 
posits. As these sediments form a continuous 
depositional sequence with the levee deposits, 
the samples were buried at the time of the 
initial development of the levees. Therefore, 
their ages indicate the time when the streams 
first occupied their courses. 

The most recent chronology of deltaic-plain 
development based on analysis of archaeologi- 
cal remains by McIntire (1954) is supported by 
the radiocarbon dating of surface and near- 
surface deposits. According to this interpreta- 
tion, the order of occupancy of courses of the 
deltaic plain was as follows: Maringouin, Teche, 
(St. Bernard), Lafourche, and 
Plaquemines-Modern. This sequence is a re- 
vision of the previously published chronology 
in which the occupancy of the Lafourche 
course was interpreted as preceding the de- 
velopment of the LaLoutre course (Russell 
1940; Fisk, 1944). 

The locations and ages of all samples used to 


| date the Mississippi distributary systems on the 


deltaic plain are illustrated in Figure 6. Other 
amples shown, which are not located along 
stream courses, date contemporaneous deposits 
hid down in surrounding environments during 
the occupancy of each system. 

The oldest system, the Maringouin, began 
to develop about 5000 years ago—expanding 
gulfward across brackish-water deposits. Rangia 
shells (Fig. 6, sample 33) from these deposits, 4 
fet beneath natural levees of the Maringouin 
system, have an age of 5600 years. In the New 
Orleans area an east-trending offshore bar de- 
veloped at the margin of the Maringouin delta 
as it advanced seaward. Marine shells (sample 
31) and wood (sample 30) from this bar give 
ages of 4800 and 4400 years, respectively. This 
bar gradually subsided to beneath marsh level 
but remained a prominent surface feature until 
about 2000-1500 years ago, as indicated by 
studies of archaeological sites (McIntire, 1954). 

The Teche course was occupied initially 
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about 3800 years ago as indicated by the age of 
wood (sample 28) from beneath the natural 
levee near Franklin. While the Mississippi 
flowed in this course, flooding resulted in the 
burial of plants and trees in backswamps which 
occupied large areas of the alluvial valley. Dur- 
ing this period, wood (sample 29), dated 3800 
years, was covered with backswamp sediment 
near Baton Rouge (Fig. 6). 

The Teche system was abandoned about 
2800 years ago when the river shifted its course 
and started the construction of the LaLoutre 
distributary system south and east of New Or- 
leans. The ages of organic matter covered by 
levees of the LaLoutre system range from 2200 
to 2750 years. (See samples 16-21.) 

Ages determined for samples (samples 3-14) 
from beneath several Lafourche levees indicate 
that this course was first occupied approxi- 
mately 1500 years ago and that it was aban- 
doned, except for a small flow of water, 600 
years ago. As determined from a date (sample 
2) along the present course of the river at New 
Orleans, the earliest distributaries of the 
Plaquemines-Modern system originated about 
1200 years ago and developed contemporane- 
ously with the filling and abandonment of the 
Lafourche system. The present birdfoot delta, 
originating at Head of Passes, began to form 
about 450 years ago (Fisk et a/., 1954). 

While the Mississippi deltaic plain was being 
constructed in southeastern Louisiana, the 
chenier plain, consisting of a series of beaches 
and intervening marshes generally parallel to 
the coast, formed in southwestern Louisiana 
(Howe et al., 1935). Shells 4550 years old 
(sample 52), from gulf-bottom sediments di- 
rectly below the chenier-plain deposits (Fig. 
7), and peat 4600 years old (sample 53), from 
the base of chenier-plain deposits (Fig. 5, 
section E-E’), show that the marshlands began 
to develop contemporaneously with the occu- 
pancy of the Maringouin system. Stranded 
beaches, which are progressively younger to- 
ward the present shore line, were constructed 
in the last 3000 years. Little Chenier, in the 
central part of the plain, was the first of these 
ridges to form. The youngest shells (sample 
43) on its front slope indicate that it was 
abandoned about 2500 years ago, just before 
the initial development of Chenier Perdue. 
Grand Chenier was formed after the building 
of the mudflats seaward of Chenier Perdue and 
was abandoned about 1200 years ago. The 
construction of the modern beach began at 
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least 500 years ago, as indicated by the age of 
shells (sample 34) taken from beds on its sea- 
ward slope. 


DATING THE EVENTS OF THE 
LATE QUATERNARY CYCLE 


Determination of Sea-Level Positions 


The principal events of the late Quaternary 
cycle can be dated most logically in terms of 
eustatic changes in sea level. Before this can 
be done, however, the positions of the dated 
samples relative to modern sea level must be 
adjusted in order to obtain the elevations of 
the sea at the time the samples were deposited. 
Two adjustments are required: one to com- 
pensate for the elevation above or depth below 
sea level at the time each sample was laid down, 
and the other, for the amount of subsidence 
undergone by each sample after deposition. 

Adjustments of the first type are based on an 
environmental analysis of each sample, using 
as a guide available data on the ecology of liv- 
ing faunas and the lithologic characteristics of 
modern sedimentary environments. Adjust- 
ments for postdepositional structural move- 
ment of the samples have been estimated from 
regional subsidence data compiled by Fisk and 
McFarlan (1955). The individual adjustments 
together with the estimated positions of sea 
level determined for each of the dated sub- 
surface samples are listed in the Appendix. De- 
tails of the methods used are described in the 
following paragraphs. 

ADJUSTMENTS FOR ENVIRONMENT: The posi- 
tions of the depositional environments, repre- 
sented by the dated samples, with respect to 
sea level are shown in Diagram A of Figure 8. 
Some samples were deposited on flood plains 
above sea level; others, in marshes or on beaches 
essentially at sea level; and still others, in lakes 
and bays and on the gulf floor below the sea 
surface. 

Adjustments for the above-sea-level posi- 
tions of flood-plain samples are based on 
estimates of the valley gradient and of the dis- 
tance between each sample locality and the 
river’s mouth at the time of deposition. For 
example, in computing the heights of deposi- 
tion above sea level for samples in the Missis- 
sippi trench below Baton Rouge, Louisiana, 
gradients have been interpolated between 0.6 
oot per mile, the local maximum valley 
gradient at low sea-level stand (Fisk and 
McFarlan, 1955), and 0.2 foot per mile, the 
average present slope of the Mississippi River 
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traversing the deltaic plain. The distance be- 
tween a sample within the trench and a sample 
at the mouth of the river at the shore line has 
been obtained by linear interpolation between 
the positions of the -450-foot low-stage shore 
line, located near the outer edge of the con- 
tinental shelf, and the high-stage shore line at 
the beginning of stillstand as mapped by Fisk 
(1944). 

The following example illustrates the pro- 
cedure followed in estimating the depositional 
level of a trench sample; the specimen used is 
the 16,250-year-old sample from a depth of 
255 feet that was laid down on a flood plain 
within the Mississippi trench at the hinge line 
(Fig. 4, section B-B’, sample 105). By inter- 
polation, the gradient of the valley at the —255- 
foot stage, when this sample was deposited, is 
estimated at 0.5 foot per mile, and the distance 
to the shore line from the sampling point is 
estimated at 90 miles. Accordingly, the writer 
concludes that this sample was deposited 45 
feet above sea level. As no adjustment for 
structural movement is required for samples 
located on the hinge line, it can be further con- 
cluded that, when this sample was deposited, 
the sea stood about 300 feet lower than it does 
at present. 

As marsh and beach environments lie es- 
sentially at sea level, no environmental adjust- 
ment is needed for samples obtained from these 
sediments. 

Adjustments required for samples deposited 
below the water surface in fresh, brackish, and 
marine environments are estimated from the 
depth of water indicated by the faunal as- 
semblage and the facies at the sampling point. 
For example, the 8950-year-old sample from 
the topstratum unit, 226 feet beneath the sur- 
face south of New Orleans (Fig. 5, section 
D-D’, sample 67), consists of a mixed marine 
fauna in a thin sand layer. The faunal as- 
semblage and the lithology of the associated 
sediments indicate that these animals prob- 
ably were buried near the seaward limit of 
active sedimentation on the continental shelf, 
in water about 30 feet deep. Therefore, a 30- 
foot adjustment for environment is required. 
As this sample has been downwarped, however, 
an additional adjustment must be made to ob- 
tain the correct level of the sea at the time of 
deposition. 

ADJUSTMENTS FOR STRUCTURAL MOVEMENT: 
To estimate the amount of postdepositional 
subsidence of a sample in the downwarped area, 
a simple graphic method has been employed. 
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Although the method is tenuous and involves a 
number of assumptions which probably are not 
strictly valid, it is the most satisfactory of sev- 
eral methods attempted. 

The surface of the regionally downwarped 
Prairie formation, which underlies the wedge 
of late Quaternary sediments beneath the 
deltaic plain and continental shelf, is used as a 
plane of reference (Fig. 8). The amounts of 
depression of this surface below its original 
depositional level are shown in 100-foot inter- 
vals on the diagrams. According to these 
values, downwarping along the north-south 
axis of the wedge (Fig. 8, B) ranges from 0 feet 
at the hinge line to 500 feet near the outer 
margin of the continental shelf in Prairie time. 
The amount of downwarping increases not 
only downdip but also toward the axis of the 
wedge (Fig. 8, C, D). 

The total subsidence of this surface at any 
point is closely related to the thickness and 
over-all distribution of sediments within the 
late Quaternary wedge. Part of the subsidence 
is related to the thickness of the sediments laid 
down in the wedge seaward of that point be- 
fore its burial by younger sediments, and part 
is related to the thickness of deposits which ac- 
cumulated in the wedge after burial of the 
point. In the graphic method used, the thick- 
nesses of the sediments above and below each 
point under consideration are expressed in 
terms of the maximum sediment thickness 
within the wedge, which, as shown in diagram 
B, measures about 900 feet. The amounts of 
pre- and postdepositioral subsidence are com- 
puted then in direct proportion to the thick- 
nesses of sediment above and below each point. 
For example, at point ‘‘A” on the Prairie sur- 
face (Fig. 8, B, C) the total subsidence is 225 
feet. Furthermore, 600 feet, or two-thirds of 
the maximum wedge thickness, lies beneath 
this point, and 300 feet, or one-third, lies 
above. Using these ratios the writer estimated 
that, of the 225 feet of subsidence at point ‘‘A,” 
two-thirds of the movement, or 150 feet, is 
predepositional, and one-third, or 75 feet, is 
postdepositional. 

This method has been used in determining 
the sea-level adjustments to be applied to all 
the samples that have been dated within the 
downwarped part of the late Quaternary 
wedge. As an example, assume that a sample 
has been obtained from a beach facies presently 
located 300 feet below sea level at point ‘“B” 
(Fig. 8, B, D). As this sample lies at the same 
depth as point ‘‘A,” the proportions of sedi- 
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ment above and below the sample, expressed 
in terms of the maximum 900-foot thicknes 
of the wedge, are the same as for ‘‘A.” The 
total subsidence of the Prairie surface at pos- 
tion “‘B,” however, is 400 feet. Accordingly, 
the writer estimates that of this total sub 
sidence two-thirds, or 266 feet, occurred before 
deposition of the sample, and one-third, or 134 
feet, occurred after deposition. 

The elevation of the sea at the time this 
sample was laid down is determined by sub- 
tracting the amount of postdepositional down- 
warping, 134 feet, from the subsea depth of 
the sample, 300 feet. Thus, the writer estimates 
that sea level stood about 166 feet lower than 
its present level when this sample was deposited, 

For samples deposited north of the hinge 
line, no adjustment is made for uplift, as the 
amount is negligible in the area from which the 
samples were taken. 

EVALUATION: Because the positions of all 
dated samples do not require the same types of 
adjustments, the estimated elevations of sea 
level when the samples were deposited vary 
somewhat in accuracy. The most reliable sea- 
level elevations are probably provided by 
samples from the main Mississipp: trench along 
the structural hinge, where adjustments are 
required only for valley gradient and distance 
to the shore line. Even if relatively large errors 
existed in these parameters, the estimated sea 
level positions would be little affected. For 
example, if the estimated valley gradient were 
in error by 0.2 foot per mile and the interpreted 
position of the shore line were as much as 2) 
miles from its actual position, the total error 
would be only 4 feet for the estimated position 
of sea level at the time of sample burial. 

Samples from beach facies and deltaic-plain 
sediments, both of which are deposited at or 
near the sea surface, are the most reliable 
sources of data for estimating the positions of 
sea level in the downwarped area. Although 
these samples required adjustment only for 
postdepositional subsidence, the sea-level 
timates obtained from them are undoubtedly 
less accurate than those estimated from trench 
samples on the structural hinge. The lack of 
closely spaced structural control in certain 
parts of the area and the several assumption 
required in estimating the postdepositioml 
subsidence of samples are possible sources of 
error. The magnitude of errors in such adjust 
ments are, of course, unknown, but a comr 
parison of sea-level versus age curves, which 
have been plotted separately for hinge line and 
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structurally adjusted samples, suggests that the 
errors are neither large nor systematic. Prob- 
ably the least reliable of all the estimated posi- 
tions in sea level are those derived from samples 
requiring adjustments for both environment 
and structural movement. 

The estimated elevations of sea level for 
samples from subsurface topstratum deposits in 
the area of the trench and also in the down- 
warped area are somewhat inaccurate because 
no adjustment has been made for the amount 
of postdepositional compaction. These samples 
show that some postdepositional compaction 
has certainly taken place. The amount is un- 
known but is probably small compared to the 
amount of postdepositional subsidence. There- 
fore, the estimated elevation of sea level de- 
termined from these dated samples is prob- 
ably a little lower than would be calculated if 
this adjustment could be made. 


Eustatic Changes in Sea Level 


By use of the estimated sea-level positions 
and the radiocarbon dates established for the 
samples, it is possible to trace the eustatic 
changes in level in terms of absolute time and 
to relate these changes to associated geologic 
events of the late Quaternary cycle. As an aid 
in this analysis, the position of sea level at the 
time each sample was deposited has been 
plotted against its radiocarbon age (Fig. 9). 
Sea-level positions obtained from samples with 
finite ages appear in the main part of the 
figure; those determined from dead samples 
have been plotted at the side, to the left of the 
break in the age scale at 35,000 years. Two 
curves have been constructed through these 
points. The solid curve is a mean based on all 
plotted positions, many of which have been 
corrected for structural movement. The dotted 
curve, based on fewer samples and constructed 
solely for comparative purposes, includes only 
points provided by hinge-line samples which 
have required no structural adjustment. Al- 
though the latter curve is not sufficiently well 
controlled for use in tracing the details of the 
eustatic change, the general correspondence of 
the two curves leads to the conclusions that 
the structural adjustments of the points used 
in construction of the mean curve are of the 
right order of magnitude and that this curve is 
an accurate representation of both the charac- 
ter and range of the eustatic variation in sea 
level. 

EARLY PHASE—FALL IN SEA LEVEL: As Figure 
9 is based solely on samples from middle- and 
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late-phase deposits, it provides no information 
on the nature of the drop in sea level that ac- 
companied the advance of glaciers in the early 
phase of late Quaternary time. The curve does 
confirm, however, the previous estimate, based 
on geologic evidence, that the sea during this 
stage reached a level at least 450 feet below its 
present position. The lowest dated sample on 
the curve, interpreted as being deposited when 
sea level stood at —440 feet, shows further that 
this fall took place more than 35,000 years ago, 

MIDDLE PHASE—RISE IN SEA LEVEL: As indi- 
cated by the mean curve (Fig. 9), the sea rose 
to its present level in two successive stages dur- 
ing middle-phase time. The first stage, which 
occurred before 35,000 years ago, is marked by 
a rise from the low stand to —250 feet, followed 
by a long intermediate stillstand at the —250- 
foot level. This period of stillstand terminated 
about 18,500 years ago with the beginning of 
the second-stage rise which brought the sea to 
its present level about 5000 years ago. 

Aside from the magnitude of the eustatic 
change, details of the early stage, such as the 
rate of rise, duration, and absolute time span, 
are unknown because of the lack of finite dates 
in this part of the graph. The character of the 
second-stage rise is clear. According to the 
mean curve, this rise of 250 feet occurred en- 
tirely within the 13,500-year interval from 
18,500 to about 5000 years ago and proceeded 
at an average rate of 2 feet per century. 

The curve based on the hinge-line samples 
portrays the same major eustatic events as the 
mean curve. It differs only in the level of still- 
stand and in the date of the beginning of the 
last rise. The curve places the stillstand at -30 
feet instead of —250 feet and the beginning of 
the last rise at 16,250 years ago instead of the 
18,500-year age shown by the mean curve. 
These differences will be resolved only when 
more dates become available from sediments 
laid down during stillstand and the early part 
of the final rise. 

This two-stage rise in level with intermediate 
stillstand differs from the postulated con 
tinuous rise offered by Fisk (1944) to explain 
the gradual decrease in grain size of the late 
Quaternary sediments and the onlap of facies 
in the lower part of this sequence. Although 
such a stillstand has not been previously ur 
terpreted from the known geologic record, 
there is no clear stratigraphic evidence against 
this possibility. Presumably most of the sedr 
ment carried by the Mississippi River during 
this stillstand would have been laid down either 
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as shallow-water deltas, localized within or in 
the vicinity of the mouth of the Mississippi 
trench near the —250-foot shore line, or pos- 
sibly in the submarine bulge on the deep floor 
of the Gulf of Mexico around the mouth of 
the Mississippi submarine canyon (Bates, 
1953). In either case, the chief stratigraphic 
evidence for such a stillstand would lie sea- 
ward of areas which have been presently in- 
vestigated. 

In the event that shallow-water deltas were 
constructed, other evidence of such a stillstand 
would be recorded in the sediments of the 
buried trenches beneath the deltaic plain. The 
thickness of sediments laid down in the trenches 
would necessarily be small, however, as deposi- 
tion would have been restricted only to the 
amount of sediment required for the streams 
to maintain their gradients to the building 
deltas and the prograding shore line. For ex- 
ample, calculations for the Mississippi trench, 
using a gradient of 0.5 foot per mile, show that 
a layer of sediment only 10 feet thick would 
be deposited during a 20-mile progradation of 
the shore at the —250-foot level. Such a thin 
layer, which would record the events of the 
postulated stillstand and bridge the gap be- 
tween datable and dead samples, may be pres- 
ent but, to date, remains unidentified in the 
borings penetrating the trench fill. 

Additional evidence of a stillstand was sought 
in basal late Quaternary sediments which were 
laid down near the mouth of the Mississippi 
trench and on the adjacent continental shelf 
when sea level was approximately 250 feet be- 
low its present level. An analysis of samples 
from borings that have penetrated these de- 
posits beneath the present continental shelf 
and the modern Mississippi delta reveals that 
the sediments were laid down in marine en- 
vironments which did not change appreciably 
during the period of the postulated stillstand. 
As these borings are located more than 40 
miles from the trench axis, little or no change 
in facies would be expected during a prolonged 
stillstand when delta development was prob- 
ably restricted to the area near the trench 
mouth, seaward of the present boring control. 
The marine deposits observed in these borings 
could also be interpreted as having been laid 
down during a gradual rise in sea level in the 
period between more than 35,000 years ago and 
18,000 years ago. Thus, this evidence neither 
supports nor denies the postulated stillstand of 
the sea at about the —250-foot level. 

Although the evidence appears weighted in 
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favor of the interpretation depicting a eustatic 
rise with a prolonged stillstand, consideration 
has been given to an alternate interpretation 
to which the data presented in Figure 9 give 
some support. According to this interpreta- 
tion, sea level rose from its low stand to -210 
feet more than 35,000 years ago. It then 
dropped gradually to —300 feet, about 17,000 
years ago, before finally ascending to its pres- 
ent level. Like the stillstand concept, this in- 
terpretation would account for the absence of 
datable samples in the lower part of the late 
Quaternary sequence and for the break be- 
tween datable and dead samples in the Missis- 
sippi-trench fill. A 90-foot oscillation of the 
type postulated would have subjected the 
trench, which now lies buried, beneath the 
deltaic plain, to partial re-excavation. This 
would have resulted in the weathering of sub- 
aerially exposed portions of the main trench 
and a broad area flanking the trench which now 
lies beneath the continental shelf and modern 
Mississippi delta. A deeply oxidized soil zone 
would have developed in both of these areas, 
Such a soil zone would have formed in sandy 
fluvial deposits within the trench and in clayey 
marine deposits beyond the mouth of the 
trench beneath the shelf and modern delta, 
During the subsequent rise in sea level, the soil 
zone would probably be destroyed in the sandy 
fluvial deposits by rapid migration of braided 
stream channels; but it would probably be pre- 
served in the clayey deposits which are much 
more resistant to erosion. Detailed examina 
tions have been made of 13 cored borings in 
the southern end of the Mississippi trench and 
of 11 cored borings in widely scattered areas 
beneath the shelf and modern delta. In these 
studies an oxidized soil zone has not been recog- 
nized within the late Quaternary sequence of 
deposits. 

Furthermore, the seaward advance and land- 
ward retreat of the shore line across the shelf 
during an oscillation in sea level should be in- 
dicated by an offlap and onlap of marine facies 
in the lower part of the deposits penetrated by 
the borings on the modern Mississippi delta 
and on the adjacent shelf. Such facies changes 
have not been observed in the basal part of the 
late Quaternary sequence. 

The lack of geological evidence for an 
oxidized soil zone and for marked facies changes 
in the lower beds of late Quaternary age be 
neath the modern delta and adjacent shelf thus 
makes the oscillation interpretation highly 
unlikely. 
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DATING THE EVENTS OF THE LATE QUATERNARY CYCLE 


LATE PHASE—STILLSTAND OF THE SEA: 
Radiocarbon dates of the late-phase deposits 
(Fig. 9) show that sea level reached its present 
highstand about 5000 years ago and that it has 
remained stationary since that time. The 47 
samples used in dating the late-phase deposits 
come from all parts of the deltaic and chenier 

lains. Many of the samples are from surface 
excavations on cheniers, a few feet above sea 
level; others are from natural levee, marsh, 
swamp, lake, bay, and shoreface deposits 
buried at depths ranging from 2 to 30 feet be- 
low sea level; and a few samples are from chan- 
nel fills at subsea depths of 50-65 feet. In de- 
termining the sea level indicated by each 
sample, adjustments have been made for en- 
vironment and subsidence and, in some areas, 
for local compaction where levee or chenier de- 
posits have compressed the underlying beds. 

No surface or subsurface information avail- 
able in the central part of the northern Gulf 
Coast region or in the ages of dated samples 
supports a late-phase fluctuation in sea level. 
As stated by LeBlanc and Bernard (1954), if 
sea level had been 1-6 m higher during the last 
5000 years as contended by Umbgrove (1950; 
1951), marine erosion and deposition would 
have occurred over large areas of the chenier 
plain, deltaic plain, and the exposed surface of 
the Prairie formation; and for this there is no 
evidence. 

Furthermore, no evidence in either the 
deltaic plain or chenier plain supports the con- 
temporary rise in sea level estimated by Mar- 
mer (1952) from tide-gage measurements along 
the Gulf Coast. As stated by Marmer, the 
tide-gage data suggest a 1-foot rise in sea level 
during the 40-year interval from 1909 to 1949. 
If such a rise had occurred, vast areas of marsh- 
land in south Louisiana would have been in- 
undated and destroyed; accurate marshland 
maps and charts made at intervals in the last 
40 years record no such inundation. 

If sea level had risen gradually from a depth 
of 25 feet to its present position during the last 
5000 years as postulated by Shepard and Suess 
(1956), it would be impossible to account for 
the several distributary systems of the deltaic 
plain and the beach ridges of the chenier plain. 
The distributary systems, which range in age 
from 5600 years to the contemporary, and the 
series of beach ridges, ranging in age from 3150 
years to modern, indicate plainly that a gradual 
rise in sea level did not occur in late-phase 
time. The geologic record and the radiocarbon 
ages of these deposits suggest strongly that sea 
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level has remained unchanged during the past 
5000 years. 


INTERREGION ii, CORRELATIONS 


As eustatic changes in sea level are directly 
related to fluctuations in the total volume of 
ice on the continents, they provide a reliable 
means for establishing on a world-wide basis 
the major events of a glacial cycle. The eustatic 
data and radiocarbon ages presented in this re- 
port show clearly that the ice sheets of the last 
major glaciation not only reached their maxi- 
mum development but began to retreat before 
35,000 years ago. These data show that the 
early retreat came to a halt for a period of more 
than 16,000 years; then, about 18,500 years 
ago, the retreat increased sharply and brought 
the ice sheets to their present positions of 
relative stability about 5000 years ago. 

The rapid retreat of the ice sheets toward 
the end of the cycle is well documented in 
many areas, although the precise time of this 
retreat is in dispute. In glaciated areas of North 
America, the period of rapid retreat has been 
placed at 18,000 to 6000 years ago (Flint, 1955; 
Horberg, 1955). Emiliani’s estimate of 16,500 
to 6000 years ago, based on deep oceanic sedi- 
ments (Emiliani, 1955), corresponds closely 
with the above estimate. Ericson et al. (1956), 
using similar data from deep-sea cores, con- 
clude that the period of rapid retreat did not 
begin until about 11,000 years ago. Broecker, 
Turekian, and Heezen (1958) have confirmed 
Ericson’s conclusions with their analysis of the 
rate of change of sedimentation on the Atlantic 
Ocean bottom. Broecker, Ewing, and Heezen 
(1960) have interpreted newly assembled data 
from many different sources outside the Mis- 
sissippi delta area to indicate that a marked 
warming of world-wide climate occurred about 
11,000 years ago, causing glacial ice to melt 
rapidly and sea level to rise abruptly. Neither 
Ericson nor Broecker estimates when the re- 
treat ended. 

Godwin, Suggate, and Willis (1958) pre- 
sented one of the most significant estimates of 
changing ice conditions in the latter part of the 
cycle. Their estimate, which is based on well- 
considered geologic evidence of eustatic 
changes in sea level, shows that rapid retreat of 
the ice began more than 13,600 years ago and 
ended about 5500 years ago. Unfortunately, 
this estimate does not date the beginning of 
retreat. Their estimate of 5500 years for the 
end of glacial retreat and stabilization of the 
sea at its present level compares favorably, 
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however, with the writer’s estimate of 5000 
years. 

In summary, the period of rapid ice retreat 
as shown by the eustatic data from the Missis- 
sippi delta corresponds closely to the estimates 
of Flint, Emiliani, and Godwin e¢ al. It is in 
marked conflict, however, with Ericson’s and 
Broecker’s estimates of 11,000 years for the be- 
ginning of rapid retreat. 

Other major events of the last glacial cycle 
as indicated by the eustatic data of Figure 9 
find less basis for correlation with the events 
recognized in other areas. Two of these events, 
which are of general interest to all Pleistocene 
geologists, are (1) the time of maximum 
glaciation and (2) the nature of the earliest 
stages of ice withdrawal before the final stage 
of rapid retreat. 

In the glaciated areas of North America, 
Flint (1955) considers that the last major cycle 
corresponds to the classic Wisconsin glacial 
stage. According to his analysis of dated 
samples, the first ice sheets of this stage ad- 
vanced into the Midcontinent region about 
27,500 years ago and reached their maximum 
extension about 18,000 years ago. Paleotem- 
perature profiles (Ericson e¢ a/., 1956) and as- 
sociated data from deep-sea sediments (Broeck- 
er, Turekian, and Heezen, 1958) suggest that 
the glacial maximum during the last cycle was 
attained before 35,000 years ago; this accords 
well with the Mississippi-delta eustatic data. 

A possible solution to this conflict may lie in 
a pre-Wisconsin-post-Sangamon drift sheet dis- 
covered recently in the glaciated area. The age 
of this sheet, as shown by radiocarbon dates, is 
more than 35,000 years (Flint, 1956). As these 
deposits evidently represent an earlier episode 
of Wisconsin glaciation than has previously 
been recognized, it seems entirely fitting that 
the basal boundary of the classic Wisconsin 
sequence should be lowered, as suggested by 
Flint (1957), to include this drift sheet. Even 
if this were done, however, the conflict in the 
time of maximum glaciation still exists. Both 
the oceanic-sediment and eustatic data indicate 
that these-early glacial deposits should contain 
evidence of a maximum glacial advance for the 
entire cycle. 

As no general correspondence in estimates of 
the time of maximum glaciation exists, it is 
understandable that there would be less agree- 
ment on the earliest stages of ice retreat. Ac- 
cording to estimates based on oceanic-sediment 
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data, the glaciers remained essentially at their 
maximum extension until 16,500 (Emiliani, 
1955) or 11,000 years ago (Ericson et al., 1956); 
according to data from the glaciated area, the 
ice did not attain maximum extension until 
18,000 years ago. The retreat of the ice, as 
indicated by data from the above sources, was 
rapid and began at the times of maximum ex- 
tension indicated. This conclusion is not sup- 
ported by evidence from the Mississippi delta, 
which indicates that retreat of the ice began 
more than 35,000 years ago. 

Resolution of conflicts in interpretation and 
interregional correlation of late Quaternary 
events will be possible only when additional 
geological information aid radiocarbon dates 
become available from various parts of the 
world where late Quaternary deposits are 
found. Undoubtedly, a large part of this critical 
information will be obtained from the deposits 
of the north-central and western coasts of the 
Gulf of Mexico, where uninterrupted sedi- 
mentation beneath the outer continental shelf 
and slope has resulted in a complete record of 
the last eustatic cycle. In this area, additional 
radiocarbon ages of cored material from 
middle-phase deposits are needed to provide 
critical information with which to fill in the 
chronological details of eustatic events within 
the age range of the radiocarbon method. 


ADDENDUM 


Since the present report was written, dated 
samples from surface and subsurface late 
Quaternary deposits in the chenier plain of 
southwestern Louisiana (Byrne, LeRoy, and 
Riley, 1959; Gould and McFarlan, 1959) sug- 
gest that sea level rose from a depth of 17 feet, 
5650 years ago, to its present level about 300) 
years ago, and has remained at its high stand 
since then. As positions of dated chenier-plain 
samples require little or no correction for sub 
sidence and compaction, this estimate of the 
time that sea level reached its stand may le 
more reliable than the 5000-year estimate based 
largely on the deltaic-plain samples. If futur 
studies confirm these results, it must be com 
cluded that the Maringouin— Mississippi and 
the early Teche—Mississippi distributary sys 
tems developed when sea level was slightly 
lower than now and that deposition was suf 
ficiently rapid to permit seaward growth of the 
deltas during the final stage in sea-level rise. 
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Short Notes 


WALLACE BROECKER 


RADIOCARBON DATING OF LATE QUATERNARY DEPOSITS, 
SOUTH LOUISIANA: A DISCUSSION 


Whereas McFarlan (1961) gives extremely 
valuable data regarding the Late Quaternary 
history of the alluvial valley of the Mississippi 
River, two of his conclusions concerning fossil 
va levels do not seem to be warranted on the 
basis of the information available: (1) that sea 
level remained nearly constant from sometime 
greater than 35,000 years ago until about 
18,500 years ago; (2) that McFarlan’s mean 
curve for the sea-level rise between 18,000 and 
3000 years ago is sufficiently accurate to be 
wed as evidence against the suggestion of 
Ewing and Donn (1956), Ericson et al. (1956), 
and Broecker et al. (1958; 1960) that an abrupt 
change in climate occurred close to 11,000 
years ago. 

(1) Because of the absence of any recogniz- 
able soil horizon within the substratum de- 
posits and the absence of onlap-offlap marine 
cies, McFarlan rejects the possibility that an 
oscillation in sea level occurred between some- 
time greater than 35,000 years ago and 18,500 
years ago. He instead postulates a stillstand in 
va level during this time interval. Several in- 
dependent lines of evidence suggest that such 
astillstand is highly unlikely. The front of the 
midcontinent ice sheet advanced from north of 
lake Erie to southern Ohio between 25,000 
and 18,000 years ago (Flint and Rubin, 1955), 
the Great Basin inland lakes showed a marked 
«pansion shortly after 25,000 years ago 
(Broecker and Orr, 1958; Flint and Gale, 
1958), the pollen sequences of northern Europe 
uggest a sizable cooling of climate after the 
Paudorf interstadial (26,000 years B.P.) (de 
Vries, 1958), and the oxygen-isotope and 
coarse-fraction data on deep-sea cores suggest a 
drop in surface ocean temperatures about 
3,000 years ago (Emiliani, 1955; Broecker et 
il, 1958). Rather than reject this strong evi- 
dence for expanding glaciers with a consequent 
drop in sea level, it seems more reasonable to 
sive an alternate explanation for the absence 
of the soil and the proper marine facies. 


Two such explanations can be given: (1) a 
soil did not form on the exposed sediments, or 
(2) any soil that did form was destroyed dur- 
ing the subsequent rise in sea level. Without a 
more detailed knowledge of the climate condi- 
tions during this time interval it is impossible 
to prove whether a soil would form on the ex- 
posed sediment. Certainly recognizable soils 
are not found on all sediments presently ex- 
posed to the atmosphere. 

As pointed out by Fisk (1952) the Missis- 
sippi was probably a braided stream during the 
period of substratum deposition. Such streams 
rework their bottom sediments continually. 
Thus, as sea level rose, any soil that formed 
during the low stand could conceivably be de- 
stroyed or modified so that it is no longer 
recognizable. 

Even if sea level had remained constant, as 
McFarlan postulates, the river could not have 
continually covered the entire width of the 
trench (40 miles). According to McFarlan’s 
reasoning, soils would have formed on the ex- 
posed portions of the valley floor. In this case 
McFarlan would be forced to conclude that 
these soils were destroyed by subsequent ero- 
sion. This is contrary to the arguments for 
preservation presented by McFarlan. Certainly 
more details must be given before the marine- 
facies argument can be seriously considered. 

Thus it is most reasonable to reject the nega- 
tive argument based on the absence of a soil 
and the proper marine facies and accept the 
positive evidence from other climate-depend- 
ent systems. The writer suggests that the ab- 
sence of samples with ages between 18,000 and 
35,000 years in the sediments of the alluvial 
valley of the Mississippi River is the result of a 
drop in sea level between 25,000 and 18,000 
years ago which resulted in the removal of 
some of the pre-existing sediment as well as in 
a dominance of erosion over deposition during 
the period of falling level. 

(2) McFarlan suggests that the mean curve 
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given in Figure 9 of his paper is an adequate 
definition of sea level between 18,000 years ago 
and the present. For three reasons this author 
believes that the curve is subject to consider- 
able uncertainty especially prior to 10,000 
years ago: (1) the possibility of sample con- 
tamination, (2) uncertainties in the subsidence 
corrections, and (3) the scarcity of data. 
McFarlan has rejected a number of the avail- 
able radiocarbon dates as anomalous. Since 
many of these samples were taken from drill- 
core cuttings, he points out that there is a pos- 
sibility that some were contaminated with 
younger material falling from above. As evi- 
dence that this has occurred, a wood sample 
(L291-Q) from within the substratum at a 
depth of 195 feet in one of McFarlan’s cores 
(taken in the Bayou Pigeon area of Iberia 
Parish, Louisiana) yielded an age of 870 years 
(Broecker and Kulp, 1957). Sample O-126 
taken at a depth of 225 feet in the same core 
yielded an age of 13,650 years (Brannon et al., 
1957). Such contamination is especially critical 
when interpreting results on relatively old 
samples with finite radiocarbon ages. The prob- 
lem is not so much that McFarlan chose to re- 
ject certain measurements but that possibly 
some of the ages he did not reject are also in 
error because of undetected contamination. 
More serious than contamination is the prob- 
lem of correcting for subsidence. Since the 
depth corrections made by McFarlan on 
samples with ages between 11,000 and 17,000 
years range over more than 200 feet during 
this interval of time, the validity of the cor- 
rections is of utmost importance even in de- 
termining large-scale features of the sea-level 
curve. Following Fisk and McFarlan (1955) 
McFarlan corrects for subsidence by using the 
surface of the Prairie formation as a base. He 
then estimates the total subsidence since Prairie 
time by comparing the present shape of the 
buried Prairie surface with the shape it is as- 
sumed to have had initially. The fraction of the 
total subsidence a given sample has undergone 
is computed assuming that subsidence is pro- 
portional to the load added—e.g., a sample 
from one-third of the way between the sedi- 
ment surface and the Prairie surface is assumed 
to have undergone one-third the subsidence of 
the Prairie surface. This is an ingenious ap- 
proach, but it may still be considerably in er- 
ror, as McFarlan points out. Granting that a 
structure hinge exists it is difficult to imagine 
that movement is related only to additional 
load, for if this reasoning were extrapolated to 
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regions north of the hinge line uplift wou 
have to be assumed to be directly proportion 
to additional load. This seems unreasonabk. 
Thus adequate definition of fossil sea 
based.on samples requiring subsidence corte. 
tions is not sufficiently exact to permit an 
specific conclusions regarding the period le. 
tween 17,000 and 10,000 years ago. 


Taste 1.—Data Derininc Sea-Levet Curve 
Between 17,000 1,000 Years Aco 


(From McFarlan, 1961) 


Magnitude 
Radiocarbon of subsidence Estimated 
Sample no. age correction _ sea level 
102 11,200 Zz — 197* 
80 11,400 0 —94 
81 11,900 90 —9 
82 12,500 40 —52* 
48 13,150 0 —247 
103 13,650 0 — 257 
104 14,150 0 — 256 
105 16,250 0 — 300 
106 16,800 65 — 155° 
107 17,000 114 — 296 


*Anomalous when compared with the results fe 
samples for which no subsidence correction was matt 
(z.e., nos. 80, 48, 103, 104 and 105) 


This is substantiated by McFarlan’s data. 
The 10 samples included in his paper with age 
lying between 17,000 and 11,000 years ar 
listed in Table 1. In 5 cases the subsidence cor 
rection is zero. Three of the 5 samples for 
which subsidence corrections were made (no. 
102, 82, and 106) are grossly inconsistent with 
results on samples from hinge-line localities 
(z.e., zero subsidence corrections). 

For these reasons if any curve defining si 
level before 11,000 years is to be drawa, it 
should be based on samples from areas free 0! 
structural movements. Thus the dotted sx 
level curve drawn by McFarlan is probably 
considerably more reliable than the solid o 
mean curve. The dotted curve is unfortunately 
based on only five points and therefore canno! 
be expected to show any detail. 

Thus there seems to be no real_ basis fo: 
McFarlan’s conclusion that the data he pr 
sents are clearly in disagreement with the cot 
cept of an abrupt change in climate ea 
years ago. The data in Table 1 suggest that 
level rose only 50 feet between 16,000 an 
13,000 years ago and 150 feet between ‘ai 
and 11,000 years ago. This is hardly in conflic 
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with an abrupt warming in climate about acceleration in the sea-level rise just prior to 


bs {1,000 years ago. The evidence for this change _ 11,000 years ago is suggested. 
he presented recently by Broecker et al. (1960) is Thus despite the large amount of work done 
ona largely from systems capable of rapid response in the Mississippi alluvial valley adequate 
lew to climate change. No claim is made that the definition. of the pre-11,000-year course of sea 
Come continents were deglaciated in a few hundred _ level is not yet possible. McFarlan’s suggestions 
ears. It should follow, however, that the rate of astillstand in level from > 35,000 to 18,000 
i of glacial melting and hence of sea-level rise years ago followed by a uniform rise in level 
were significantly more rapid at this time. Al- from 18,000 to 5000 years ago do not seem 
though reliable sea level—time estimates from justified on the basis of the data presented. 
‘URVE Bihe Mississippi alluvial valley are sparse, an 
ie} 
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ADDENDUM 

In a final revision of his paper McFarlan added a statement which implies that Ericson e¢ ai, (1956 
and Broecker et a/. (1958) propose that the Wisconsin glaciation maximum occurred more than 35,00) 
years ago. No such conclusion was drawn by the authors in either paper. 
Also, it should be pointed out that a National Science Foundation grant to Lamont provided th 
financial support for the L-291 series results reported by McFarlan. 
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DAVID L. CLARK 


U-Pb AGE DETERMINATION AND 


UPPER DEVONIAN BIOSTRATIGRAPHY 


Much progress has been made in the last 10 
years in relating isotopic age determinations to 
the geologic time scale, which was originally 
established on paleontological discoveries. The 
K-Ar technique with sedimentary glauconite 
and the U-Pb ratios used in black-shale studies 
show great potential in determining absolute or 
physical dates (Jeletzky, 1956) which can be 
used in the relative time scale. As Teichert 
(1958) has pointed out, however, our present 
understanding and application of the isotope 
datings is somewhat less accurate in many in- 
stances than standard biostratigraphic tech- 
niques which have been applied for more than 
100 years. And even as the more quantitative 
geochemical techniques are refined the geo- 
chemist will do himself and the profession a 
great favor if he utilizes biostratigraphic data 
for his interpretations, just as the biostrati- 
grapher will most surely use geochemical data 
in his interpretations. 

Recently, Cobb and Kulp (1960) have pub- 
lished data concerning U-Pb age determina- 
tions of Chattanooga shale samples from Ten- 
nessee. The samples were obtained from a core 
of the black shale unit of the Gassaway member 
of the Chattanooga shale. This core was taken 
from only a few feet below the Devonian- 
Mississippian boundary. Analysis of three por- 
tions of this 5-foot core produced apparent 
ages of 450-70 m. y., 350415 
m.y., and 350+ 12 m. y. After corrections and 
interpretations of the data Cobb and Kulp con- 
clude that ‘‘the U?%— Pb?°6 ages on all three 
samples agree within their experimental errors” 
and further that ‘‘at worst, the U2’ — age 
obtained on the Chattanooga should be a re- 
liable minimum age” (1960, p. 223-224). Fur- 
ther conclusions of these writers are that 
“It is quite possible, therefore, that the true age of 
the Chattanooga shale is about 350 m. y. These 
data would appear to set a firm minimum age for 
the Mississippian-Devonian boundary of 350 m. y. 
and suggest that the true age of this boundary can- 
not be much greater than this” (p. 224). 


The writers appear to conclude that the prox- 


imity to the Devonian- Mississippian boundary 
of the sample dated as 350 m. y. justifies con- 
sidering the sample and boundary as of ap- 
proximate time equivalents and that all con- 
clusions concerning the age of the sample are 
also valid for the boundary. A biostratigraphic 
analysis of the data suggests a somewhat dif- 
ferent conclusion, however. 


Devonian- Mississippian Boundary in Tennessee 


The 5-foot core upon which the U-Pb age 
determination is based is described as coming 
from the upper black shale unit of the Gassa- 
way member of the Chattanooga shale. The 
stratigraphic discussion of the Chattanooga 
shale by Hass (1956) indicates that, in the 
standard section, the upper black shale unit is 
slightly more than 16 feet thick, but Cobb and 
Kulp (1960) do not indicate from which part 
of the upper black shale the core was taken. 
The exact interval is of some importance in fine 
biostratigraphic zonation. 

An equally important biostratigraphic factor 
to consider is the fact that any conclusion as to 
the age of the Devonian-Mississippian bound- 
ary in this case would have to be based upon 
the determination of the age of not just the 
“Upper Devonian” but of the uppermost 
Devonian, and so it is important to ascertain 
the precise stratigraphic age of the stratigraphic 
interval whose absolute age was determined. 
There is some evidence indicating that the 
sample used for the U-Pb age determination is 
actually separated by a significant unconform- 
ity from the Devonian-Mississippian boundary 
which is assigned the same age. According to 
Hass (1956, p. 24) the Upper Devonian Chat- 
tanooga shale (including the upper black shale 
unit on which the age determination was based) 
and the overlying Kinderhookian Maury for- 
mation are ‘‘evidently separated by an uncon- 
formity throughout much of south-central 
Tennessee and north-central Alabama’’. In ad- 
dition, referring to the Kinderhookian Maury 
formation, Hass has indicated that ‘‘Phosphate 
nodules are generally scattered throughout the 
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formation and at many outcrops are also con- 
centrated into a course at or very near the 
base”’ which ‘‘may be a transgressive deposit” 
(p. 23-24). Although there are certainly other 
explanations possible for this phenomenon, 
Hass consistently mentions reworking of Dev- 
onian fossils into the Mississippian Maury for- 
mation, a fact which adds further weight to the 
idea that there could be a stratigraphic gap be- 
tween the dated sample in the upper Chat- 
tanooga shale and the actual Devonian-Missis- 
sippian time boundary. 

Even more convincing evidence for a time 
gap is furnished by microfossils which are pres- 
ent in this Upper Devonian section. Although 
Cobb and Kulp (1960, p. 223) point out that 
the upper part of the Chattanooga is ‘‘well de- 
fined stratigraphically” it is important to note 
that it is well defined only as Upper Devonian 
and not as ‘‘uppermost Devonian’. The precise 
determination of the position of the upper black 
shales in the Upper Devonian can be deter- 
mined, however, because of the detailed work 
on Upper Devonian conodont zones in the type 
Devonian. Work in Germany by Sannemann 
(1955), Muller (1955), and Bischoff and Ziegler 
(1956) has demonstrated that the Upper Dev- 
onian is characterized by many species of cono- 
donts which can be used in precise world-wide 
correlation of zones within the Upper Devon- 
ian. The degree of precision is indicated by the 
ability of conodont investigators to pinpoint 
parts of the Upper Devonian as lower-lower- 
Upper, lower-middle-Upper, etc. Such zonation 
is based largely on evolving lineages of species 
as demonstrated by Muller (1956) and others. 
Work by Clark and Becker (1960) substanti- 
ates the validity of these ranges in North 
America. 

The species on which Hass (1956) based the 
stratigraphic position of Upper Devonian for 
the black shale unit can be correlated with the 
standard conodont zonation based upon the 
European type; when correlated, however, 
these species prove to be not uppermost Dev- 
onian as inferred by Cobb and Kulp (1960, p. 
223) but upper-lower-Upper or lower-middle- 
Upper Devonian. This would indicate a sig- 
nificant time gap between the 350 m. y. age 
determined for the black shale of lower-middle- 
Upper Devonian stratigraphic age and the 
Devonian- Mississippian boundary which is as- 
signed the same ‘‘firm minimum age” by Cobb 
and Kulp (1960, p. 224). 

It is interesting to study the numbers of 
conodont species that evolved following the 
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time of the species dated as 350 m. y. and the 
amount of change produced through evolution 
before the Mississippian, since such qualitative 
observations would suggest that 10-15 m. y, 
could well be expected as the length of time 
between the 350 m. y. date and the actual 
Devonian-Mississippian boundary. (For rates 
of evolution see G. G. Simpson, 1953.) 

All of these observations, based both on phys- 
ical and biologic evidence, indicate to the 
writer that a minimum age of the Devonian- 
Mississippian boundary is about 335-340 m. y, 
The figure of 350 m. y. of Cobb and Kulp isin 
reality not a minimum but a maximum figure 
for the boundary, and the true age is probably 
10-15 m. y. less than this. Since 10-15 m, y.is 
within the range of the reliability of the U-Pb 
sample this fact does not radically change the 
significance of the 350 m. y. date but simply 
emphasizes the importance of biostratigraphic 
understanding in the application of geochem- 
ical dates to the stratigraphic section. In this 
case the biostratigraphic conclusion would be 
that the Devonian-Mississippian boundary is 
10-15 m. y. younger than the lower-middle- 
Upper Devonian sample dated at 350 m. y. and 
not the same age, as concluded by Cobb and 
Kulp (1960). 


Upper Devonian Absolute Age Correlation 


The 350 m. y. date obtained geochemically 
is of great importance in Upper Devonian bio 
stratigraphy as it can be used as a ‘‘plug-in” for 
paleontological correlation and absolute time. 
This is indeed 1¢ of the most fortunate abso- 
lute age determinations that could be made in 
the stratigraphic section because of the ease of 
correlation of Upper Devonian beds all over 
the world. This correlation indicates that the 
upper-Lower Pilot shale in Nevada and Utah, 
Zone III of the Houy formation in Texas, all 
of the eastern and mid-western correlatives of 
the upper black shale unit of the Chattanooga, 
and even a part of the type section in Germany 
(Platyclymenia Stufe) can be dated as about 35) 
m. y. This conclusion considers the rate of dis 
persal as geologically instantaneous as inter 
preted by Teichert (1958) and not as inter 
preted by Hedberg (1958). 

This is certainly an important contribution 
to Devonian biostratigraphy. The modified ap- 
plication of this geochemical data suggested 
from biostratigraphic methods may well serve 
as a guide to future absolute determinations 
the stratified parts of the geologic section. 
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INTERGLACIAL (?) CONGLOMERATE IN NORTHERN 


MANITOBA, CANADA 


Although there are many records of inter- 
glacial deposits in the provinces of western 
Canada (Prest, 1957) none are known in the 
northern latitudes. A conglomerate of prob- 
able interglacial origin was discovered in 1957 
in the valley of the Seal River at Lat. 58° 
58’ N., Long. 96° 38’ W. Although the area 
was early explored by Samuel Hearne (Hearne, 
1796), it was not examined geologically until 
1935 (Johnston, 1935a; 1935b; 1935c). The 
region is underlain by Precambrian rocks 
chiefly of gneissic character but including some 
less metamorphosed sedimentary rocks of the 
Great Island group (Taylor, 1958). In the im- 
mediate vicinity of the interglacial (?) con- 
glomerate, the glacial deposits are chiefly 
ground moraine, but in the region as a whole 
include large areas of drumlinoid ridges and 
numerous, long eskers. The ice advance in this 
part of Manitoba was southward. 

The conglomerate lies along the east bank 
of the north branch of the Seal River at Great 
Island. It strikes north, parallel to the river, 
and dips 10° W. This attitude may be due to 
slump, however, as the Seal River, which con- 
ceals the base of the conglomerate, may have 
undercut the conglomerate below water level. 
The conglomerate is overlain by sandy till that 
contains numerous cobbles and boulders of 
Precambrian rocks. This till is typical of that 
throughout the area. The conglomerate, which 
was probably a river gravel, consists of sub- 
rounded to well-rounded boulders, up to 2 feet 
in diameter, of sericite schist, basalt, gneissic 
granite, pegmatite, gabbro, and quartzite in a 
matrix of goethite. Within the conglomerate, 


casts and impressions of leaves and twigs in a 
goethite matrix occur in two 6-inch layers 
separated by 4 inches of pure goethite. Within 
the layers of plant casts are thin sand layers and 
rare pebbles of micaceous quartzite up to 1.5 
inches in diameter. The entire exposure is 
rusty, and fresh specimens are difficult to ob- 
tain. 

Specimens of the casts and impressions of the 
leaves and twigs were examined by J. Terasmae, 
Geological Survey of Canada, who reported 
(Personal communication) that these layers had 
originally consisted of woody peat composed of 
moss, sedge, grass, and shrubs. These were im- 
pregnated by iron-rich waters resulting in some 
disintegration of the plant matter but also in 
replacement so that they were preserved as 
part of the rock. Leaves of ericaceous plants 
such as leather-leaf (Chamaedaphne), dwarf 
lamel (Ka/mia), and bearberry (Arctostaphylos) 
are abundant. The twigs may belong to several 
woody shrubs, and a few larger leaves are indi- 
cated by the outline of their venation. This 
plant assemblage is similar to that of the present 
day in this area. Terasmae suggests that an in- 
terglacial age is more likely than a post-glacial 
one as similar post-glacial deposits described in 
the literature (Osvald, 1937) are still soft, and 
the plant matter is not replaced by mineral 
compounds. Pollen and spores are unfortunate- 
ly not preserved in this type of strongly oxi- 
dized deposit so that nothing more can be de- 
termined as to the ecological environment. As 
this conglomerate is overlain by glacial till, an 
interglacial age is probable. 
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w. S. FYFE, F. J. TURNER, J. VERHOOGEN 


COUPLED REACTIONS IN METAMORPHISM: 


The purpose of this note is to correct an 
earlier statement regarding the effect of coupled 
reactions upon the stability fields of meta- 
morphic mineral assemblages; specifically, the 
statement (Fyfe, Turner, and Verhoogen, 1958, 
p. 151-153, Fig. 58) concerning the stability of 
the greenschist assemblage epidote-chlorite- 
quartz. We gratefully acknowledge the helpful 
criticism of Professor D. S. Coombs, University 
of Otago, New Zealand, who drew our atten- 
tion to the error in our treatment of this ex- 
ample of coupled reactions. 


Figure 1,—Errecr of CoupLep REACTION ON 
THE STABILITY FIELD oF 


Curve C represents metastable equilibrium, and curve 
D equilibrium fo: the reaction: epidote-+-chlorite+ 
quartz = pyroxene+-anorthite+olivine+ water. 


In our previous statement and figure (Cf 
Fig. | of this note) it was suggested that the 
stability field of epidote, as determined from 
the system with epidote composition, could be 
extended by a coupled reaction involving 
chlorite—e.g., the reaction epidote+chlorite 
+ quartz = pyroxene + anorthite + olivine + 
water. Clearly this cannot be the case: the 
stability field of any phase, as determined from 
the composition of that phase, must enclose the 
stability fields of all assemblages of which it is a 
member. Thus curve C represents metastable, 
not stable, equilibrium, for epidote would 
clearly be metastable in the field between 
curves d and C. The equilibrium curve for the 
coupled reaction must lie to the left of curve 
A—for example, curve D. 

_ This consideration may appear trivial, but it 
is of importance in the application of experi- 


A CORRECTION 


mental data on simple systems to rocks. For 
example, if the disappearance of epidote and 
chlorite in a rock is sympathetic, then the 
phase with the more restricted stability field is 
critical in determining the stability field of the 
assemblage. 

In applying experimental data, the follow- 
ing simple principles, previously overlooked by 
the writers, need to be considered: (1) At a 
given temperature, the pressure at which a pure 
high-pressure phase is in equilibrium with a 
low-pressure assemblage is minimal when the 
system has the composition of the pure high- 
pressure phase. For example, the work of Rob- 
ertson, Birch, and MacDonald (1957) on the 
reaction nepheline-+-albite = 2 jadeite provides 
the minimum pressures required for the forma- 
tion of jadeite. (2) At a given temperature, the 
pressure at which a pure low-pressure phase is 
in equilibrium with a high-pressure assemblage 
is maximal when the system has the composi- 
tion of the pure low-pressure phase. The data 
of Birch and LeComte (1960) on the reaction 
albite = jadeite+quartz set an upper limit to 
the stability range of albite. Similar statements 
may be made regarding the stability of high- 
and low-temperature phases: (3) At constant 
pressure, the temperature at which a pure high- 
temperature phase is in equilibrium with a low- 
temperature assemblage is minimal when the 
system has the composition of the pure phase. 
(4) At constant pressure, the temperature at 
which a pure low-temperature phase is in 
equilibrium with a high-temperature assem- 
blage is maximal when the system has the com- 
position of the pure phase. 

Recent experimental studies on some high- 
density minerals, for example jadeite (Robert- 
son et al., 1957) and kyanite (Clarke et al., 
1957), have indicated that the pressures, and 
perhaps depths, at which these minerals form 
are greater than might have been anticipated. 
If these results represent true equilibrium, as 
they probably do, then the above considera- 
tions show that arguments based on the multi- 
component nature of the rock in which these 
minerals form cannot be used to justify lower 
pressures of formation, if the naturally occur- 
ring phases are pure. 
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K/Ar AGE OF LOWER DEVONIAN BENTONITES 


OF GASPE, QUEBEC, CANADA 


The Lower Devonian strata of Gaspe were 
one of the first sequences studied by Sir 
William Logan in his pioneer work for the 
Geological Survey of Canada in 1843 and 1844. 
Clarke (1908) made a detailed study of the 
faunas, and recently Cumming (1959) re- 
viewed the Paleozoic successions of the eastern 
part of Gaspe. As a result of this work the 
Devonian beds of the Gaspe limestone and 


dipping 20°. Samples were collected from each 
of the thicker bentonites, and the uppermost 
contains fresh sanidine and biotite. 

Recent work (Folinsbee et al/., 1960) on 
biotite and sanidine from bentonites has shown 
that these two minerals form a reliable co- 
genetic pair for the purposes of K/Ar age 
determination. Potassium in the mineral sepa- 
rates was determined gravimetrically (and 


Taste 1.—K/Ar Aces ror UppermMost Lower Devonian BENTONITES, 
Betow LicutHouse, SHipHEAD, GASPE PENINSULA 


No. Mineral Mesh European stage K*ppm* _- Date m.y. 
AK-120 Sanidine —120+270 9.18 0.0258 394 +5% 
AK-136 Sanidine —270+325 6.98 0.0251 384 +5% 
AK-137 Sanidine —325 5.43 0.0253 387 +5% 
AK-113 Biotite +325 Lower Coblenzian 4.01 0.0245 376 +7% 
AK-138 Biotite —325 3.90 0.0253 388 +7% 
AK-52 Qtz. Fels. Aggs. —60+120 4.90 0.9221 342 +5% 
AK-106 Mixed layer clay =35-F 120 4.74 0.0209 325 +5% 


Constants: Ae = 0.589 X 10719/yr; Ag = 4.76 X 1071/yr; K49/K = 0.0118 atomic per cent 


* Potassium analyses by A. Stelmach, Rock Analysis Laboratory, University of Alberta 


Gaspe sandstone groups can be tied in closely 
with those in other parts of North America and 
with Europe. The Grande Gréve formation 
(900 feet) of the Gaspe limestone sequence is 
at the top of the Lower Coblenzian substage 
(Oriskany) (Cooper et al., 1942). 

L. S. Russell of the National Museum in 
Ottawa drew the writers’ attention to the 
ocurrence at Shiphead, Cape Gaspe, of a 
umber of bentonite beds. There are six 
ventonites ranging in thickness from a few 
inches to more than a foot, and several very 
thin beds. These beds lie in the lowermost 100 
itet of the Shiphead member, which comprises 
the basal 280 feet of the Grande Gréve forma- 
tion, The bentonites are not indurated, are 
unmetamorphosed, and have been only mildly 
deformed ; they are interbedded with limestones 


checked flame photometrically) using J. 
Lawrence Smith fusion and tetrapheny! boron 
precipitation. Argon was liberated by a stand- 
ard flux-fusion technique, and isotope dilution 
with mass-spectrometer isotope-ratio analysis 
was used to determine the Ar*® content of the 
purified gas. 

The constants used in the calculations of the 
ages are as follows: 
Abundance ratio K*/Kyormat. 0.0118 
atomic per cent (A.E.C. Nuclear Data Tables 
1959) 


he = 0.589 X 107!9/yr, 
Ag = 4.76 X 107!%/yr, 


All the potassium-bearing materials present 
in the rock were dated, although the clay and 
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the quartzo-felspathic aggregates (which have 
a certain amount of the clay material intimately 
associated with them) were expected to give 
somewhat lower ages than the sanidine and 
biotite. Results are presented in Table 1. 

The three size fractions of the sanidine em- 
ployed show no systematic variation in dates 
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Figure 1. Lower Devonian Bentonites of Shiphead, Gaspe Peninsula 


and no variation outside the limits of accuracy 
of the method (+ 5 per cent). 

Chemical analysis and petrographic study of 
the bentonitic material indicate rhyolitic 
affinities, and it is suggested that the source 
might be found among the Devonian volcanic 
rocks of Dalhousie, New Brunswick (Howard, 
1926), or those of similar age in central Gaspe 
(Fig. 1). 

The Gaspe bentonites are largely a mixed- 
layer clay similar to those reported by Bystrém 
(1956) from Ordovician beds at Kinnekulle, 
Sweden, and cryptocrystalline quartzo-fels- 
pathic aggregates. Minor quartz is present 
throughout, and sanidine and biotite (in con- 
centrations of the order of hundreds of parts 
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per million) occur at two levels. In the othe; 
four beds sanidine and biotite are absent, and 
authigenic barite is found. Zircon, pyrite, anf 
a number of other accessory minerals aly 
occur. The small quantities of sanidine ap 
biotite present, together with their concenty. 
tion in the fine fractions, make their separation 


somewhat arduous. However, reasonably pure 
separates were eventually obtained by the 
judicious use of heavy liquids and a magnetic 
separator; the main remaining contaminant 
were chalcedonic sponge spicules and quarts 
felspathic aggregates. 

Bentonites (and lava flows), lying as they do 
in sequences of normal sedimentary strata 
often away from the effects of orogeny, 
which they may, however, in cases be related 
in time, offer possibilities of much greatet 
precision in correlating absolute age and bic 
stratigraphic age than do intrusive rock 
Glauconite, the only material so far invest 
gated suggesting comparable possibilities, ® 
observed by Holmes (1960), is highly sens: 
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ive to the chemistry of its environment and 
tgs produced somewhat erratic, and generally 
jv, results. The frequent occurrence in bento- 
sites of ‘“gem-quality” needles of zircon offers 
,means of cross checking K/Ar and Rb/Sr 
ges determined on sanidine and biotite (Ed- 
wards et al., 1959). 

The K/Ar ages obtained from the cogenetic 
anidine and biotite from Gaspe are in agree- 
ment with ‘‘the minimum age for the Lower 
Devonian” obtained by Hurley et al. (1959) 
fom the Seboomook slate in Maine. In this 
ase, the age obtained clearly reflects the time 
of intrusion of a quartz monzonite body that 
metamorphosed the slate, which is also of 
Oriskany age. Thus, on this evidence, the 
Oriskany is certainly older than 360 m.y. The 
suggested age of 385 + 15 m.y. for the Gaspe 
material is in accord with the revised time 
vale of Holmes (1960) and, further, is sup- 
ported by a number of dates, averaging 385 
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m.y., obtained for intrusions cutting Lower 
Devonian sediments in the New England and 
Acadian areas (Hurley e¢ al., 1958; Alcock, 
1935). 
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